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SUMMARY OF SESSION VI
OPTICAL/IR ENVIRONMENT
by

Dr H.J. Albrecht
Session Chatrman

The programme of the session resulted in o reasonable coverage of the subject concerned, nanicly the operational
modelling in the optical and infrared environment. Following an excellent review paper on the entire tield
(R.A.McClatchey, E.P.Shettlc, atmospheric optical transmission modelling and prediction schemes), three contributions
dealt with models regarding the transfer ot radiation in the atmosphere (H.J.Jung, M.Kerschgens, E.Raschke), the extinc-
tion and scattering by hvdroreteors in the range between 0.25 and 15 um considering genceral weather situations (W.Eckl,
1.J.Fliass, H.Hallwachs), and the prediction of vertical temperature and moisture stratitication in the baroclinic boundary
layer (W.Bebnke).

The above-mentioned review paper covered the present state of the art; it was mainly based on computer pro-
grammes for transmission characteristics in the spectial range between 0.25 um and 1.4 ¢cm, designated HITRAN with
approprately high resolutions as, for instance, required for the description of LASLER transmission spectra, and
LOWTRAN with less resolution and more reasonable computer time-requirements. A comprehensive data base is being
used together with the HITRAN programme, as far as the optical properties of atmospheric molecules are concerned.
Assumptions are made . th regard to the absorption line shapes as a function of atmesphernic pressure. Between 8 and
14 xm as well as 3.5 and 4.2 um water vapour continua are evident, a quasi-continuous absorption feature around 4.3 um
Jdue to nitrogen molecules has also been taken into account. Abscrption and scattering of acrosols have been treated as a
stowly varying coniinuian fuiciion winch is added to the more rapidly varying molecular abserption. Complex refractive
index, size distribution, and origin of acrosols are examples of parameters used. In summary, problem areas and the
present state of the art have been reported in this review.

The second paper in this session discussed the use of atmospheric radiative transfer models to describe effects in
optical, infrared and microwave spectral 1anges; special applications were illustrated, such as estimates of cloud effects
as a function of altitude, optical thickness and dropsize distribution, and of a relationship in the microwave region
between brightness temperature at the top of the atmosphere and cioud thickness expressed in terms of precipitation
rai.~ The possibility of estimating precipitation intensities irom brightness temperature was mentioned, with particular
referen e to rainfall above oceai surluaces.

The contribution on calculation of extinction and scattering beiween 0 25 and 15 um by hydrometeors concerned
relcvant meteorological conditions during general weather sisuations typical for the central NATO-region, or, in other
words, the geographic areu of the Federal Republic of Germany. For this purpose, a modified version of the LOWTRAN
modet was utilized to consider scattering and extinction by precipitation and clouds. Meteorological input data ty pical
of the most common weather situations included profiles of barometric pressure, tamperature, humidity, and data on
precipitation and clouds. Although the accuracy of data assessment has to be considered variable and may be marginal
for some parameters, the experiment as such is interesting; it represents a first attempt of system-oriented predictions on
the basis of recognized general conditions and their trend.

‘The final paper in this session referred to vertical temperature and moisture stratification in the baroclinic boundary
layer up to an altitude of one to two kilometres. The molel aims at a determination of heights of inversion layers as
a function of ground roughness and baroclinic conditions. Effects on the stratification of the refractive index were
mentioned.

Discussions related to this session generally supplemented the information contained in papers presented. In some
cases, questions addressed new tields of research in electromagnetic wave propagation and in the appropriate behaviour of
Sropagation media. This summnary reters to the more significant discussion arcas.

An example of rescarch-related discussion tupics is the artificial modification of propagation media. Full applic-
ability is indicated for most mcdels, results bei1g generally as useful as the inpJat data ure reliable. Specific comments
again emphasized the discrepancy in the preseni state of the art as {ar as the rather advanced identification of molecular
cha.acteristics is concerned, in comparison {o that of aerosol effects.
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The evaluation of humidity effects on rural acrosc! models was mentioned as a possibility of using such: Cependonce
as a method ot estimating humidity.

Several comments referred to limitations governing determination as well as consideration of § recipitation charac-
teristics, in addition to adjacent problems, such as their vertical distribution as an example of applicability in satellite
communication links on microwave frequencies. Reference was made to the use of microwave images to investigate the
extent of precipilation cells.

The presentation of a new model using general weather situations typical of geographically lomited regions lad (o the
discussion of relevant aspects. Criteria of mesh density and validity of data for portions of such a region were distussed
with respect to the ficld of application i modelling propagation characteristics. Although such questions did not anly
refer to the area covered b this session on optical and infrared environment, they were here touched upon as a mean:
of evaluating the feasibility of such a new approach,

Diftfering levels of validity were identified for different parameters with precipitation rate ind dropsize distribution
as examples of low reliability due to the existing difficulties in appropriately assessing Cata. Keeping in mind such limita-
tions, the approach seems to lead to more useful predictinns of propagation characteristics; fusther investigations are
necessary

In conclusion, papers presented and discussions of relevant aspects during this session on optical and infrared
environment have led to a review of the state of the art in relevant operational modelling, .0 reports on current activities,
as well as to an identification of areas in which further rescarch appears to be particularly promising.




ATMOSPHERIC OPTICAL TRANSMISSION MODELLING AND PREDICTION SCHEMES

R.A. Mcfhlatchey, (OPI)
E.P. Shettie, (OPA)
Air Force Geophysics Laboratory
Kanscom AF8, Massachusetts 01731

SUMMARY

The optical modelling cf the atmosphere requires a detailed knowledge of the physical and optical proper-
ties of the atmosphere including temperature, pressure and the distribution of molecular and aerosol
constituents responsible for atmospheric extinction. OQur knowledye of the optical properties of atmos
pheric molecules is embodied in the AFGL Almospheric Absorption Line Parameters Compilation, so this
data ba,e together with Lhz HITRAN code provides the basis for high spectral resolut.or atmospheric
optical modelling. The properties of aerosols can not be handled in quite so straigutforward a manner.
The major difficulty in dealing with the atmospheric aerascls is the large natural variabiiity of their
properties. QOur work in modellirg these properties will be described. The LOWTRAN code provides a
mocerately Tow spectral resolution atmospheric propagation model of both the atmospheric molecules and
aerosols without the extensive computer time requirements of HITRAN. Recent work In developing an
atmospheric radiance version of LOWTRAN, and LASER which is a verston of HITRAN including continuum
absorption and aerosol extin¢tio: will also be discussed.

1. INTRODUCTTON

The ultimate cbjective of atmospheric transmission madelling is to be able to predict the opacity of the
atmosphere along any geometric path under any atmospheric condition at any wavelength given a set of
measured or predicted metecrological parameters., We would Tike to carry out such predictions at extremely
high spectral resolution pertinent to the transmission of laser rcdiation or at low spectral resolution
co.sistent with broad-band systems. For the purpose of this presentation, the spectral range will be
Vimfted to the region from 0.25 um to the submillimeter region (about 22 GHz).

Our abflity to attain this vltimate otjective has becn substantially advanced in the past several years,
but there are sti11l a number of outstanding issues which require further effort. To tue extent possible,
we have attempted to embody these advances in the ti:o atmospheric transmission predictian codes: HITRAN
and LOWTRAN. W2 will describe the state-of-the-art of each of these prediction codes and also indicate
those areas where further work s necessary.

Equation 1 indicates the need to determine four extinction coefficients as a funccion of wavelength (or
frequency) across ihis brosd spectial vegion: S sad o, are th ccattering coefticients due to atmospheric
moiecules and aerosols respectively and and "k, are absorpi.un coefficienis due to wolecules and
aerosols. The total extinction coefficichit is thén given in Equatfon 2 and the transmission, 1, is given
by application of Equation 3 where L represents the atmospheric path.

o(A) = g () + 0, (0): k() = K () + &, (3) (1
y(A) = o(3) + (2) (2)
«(n) = o Y(N)AL (3)

Except for k,, these extinction coefficients are slowly varying functions of wavelength. The molecular
absorption cgeff1C1ent. however, in the vicinity of discrete absorption lines and bands 1s a very rapidiy
varying function of wavelength. This distinction requires us tv treatl wolecular absorplicn in 2 coneid-
erably different way than we treat the remaining three extinction processes, Furthermore, even the

molecuiar absarption 1s composed of a rapidly varying component and a more sltowly varying component
ge?$ra11y characterized as "continuum" absorption. We will treat this separately in the discussion to
ollow.

The complexity of atimospheric absorption is indicated in Figure 1 in which a series of scolar spectra in
the infrared are shown from various altitudes. The detalled fine structure is all due to molecular
sbsorption, and the slowly varying extinction mentioned above has been normalized out in these spectra.
For comparison, rigure 2 provides a synthetic spectrum generated with the AFGL HITRAN code 1n the region
around 10.6 um and includes the total effect of molecular absorption including a model of the molecular
absorption continuum based on laboratory measu-ements. The variation wiih wavelength of the remainirg
three extinction coefficients is indicated in Figure 3 for two of our model atmospheres and two visibility
condgitions.

The prediction of atmospheric transmissicn vrejuires us to model the meteorological properties of the
atmosphere and the optica) properties of the pertinent atmospharic corstituents. We will now describe
the status of these modelling efforts.




The atmospharic path, over which the atmospheric transmission {s to be computed, must be completely

described in terms of the pardmeters responsible for both molecular and aerosol extinction. As will

be-cre more clear later, the description of the atmosphere in terms of its temperature, pressure and the

concentrations of molecular species along the path will completely describe the meteorological properties )

of the atmosphere for purposes of molecular scattering and absorption. For practical purposes, several

of the molecular constituents of the atmosphere can be assumed uniformly mixed. Table 1 {dentifies these

spectes and lists concentration values. Two outstanding exceptions are ozone and water vapor and Figure 4

indicates some typical varfations with altitude. Fortunately, the required quantities for the computation

or atmospheric molecular absorption are regularly measured at most meteorological stations aropund the

world. In the case of aerosols, howaver, this is nct so. The only quantity measured routinely at some 1
|
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stations 1s visibility and there is great non-uniformity in the methods of measurement. Furthermore,

the relationship between a measured visibility at visible wavelengths and the required aerosol quantities

{concentration, size distribution and refractive index) 1s not straightforward and is certainly not unicue.

Therafare, we myst depend on our general understanding of aerosol distributions and properties to develop

models for general use. We must then develop tiie relatienships between these models and standard meteoro- {
logical information so that the models can be optimally applied to real atmospheric situations or to

atmospheric statistics.

Figure 5 provides a set of madels for the vertical distribution of the number of aerosol particles. This

set of curves is based on an extensive set of extinction coefficient measurements made by a large number

of investigators,_ Further information on these aerosol models may be found in the AGARD report by

Shettle and Fenn 1. Figure 6 compares the boundary layer modeils with mezsurements and indicetes .he varia- .
bi1ity of the concentraticn of aerosols in the lowest layers of the atma;phere since tha extinstion co~

efficient variation (the abscissa) is primarily due to variations in particle number density.

3. OPTICAL DATA (MOLECULAR)

The AFGL Atmospheric Absorption Line Parameters Ccmpﬂatiun2 is the data base available for
computing the contributions from discrete molecular absorption lines to the atmospheric extinction. It
forms the basis of the various HITRAN transmission codes. The molecuies for which the 1ine parameters
are contained in thts compilation are indicated in Table 2 together with a figure indfcating the number
of molecular absorption lines of each molecular species for which parameters are included. The para-
meters which make up this data conpilation include (for each absorption 1ine) the line position (frequency),
intensity, half-width, energy of the lower state, quartum numbe:s, 1zotop1c {dentification and moliecular
identification. Efforts have continued to update this campilation3' as new experimental results become
available. The basis for fnclusion in this data compilatior {s the line intensity criterion indicated
in Fiqure 7. A1l lines of sufficient strength to produce an optical depth exceeding 0.1 over the indicated
atmospheric path ave tncluded in the compilation.

The utilization of the Line Parameters Compilation requires a knowledge of molecular absorpticn line
shapes. Our HITRAN model currently assumes a Lorentz line snape 1n the lower atmosphere tor all pressures
less than 10 mb, a Voigt shape in the region from 10 mb to 0.1 mb and a pure Doppler 1ine shape at lower
atmospheric pressures. Although the spplicability of the Lorentz line shape remains in some doubt for
distant Tine wings, it has generally been found to represent experimental data adequately within a few
wavenumbers of the centers of absurption 1ines. The Lorentz line shape is indicated in Figure € and the
mathematical form 1s given in Eguation 4. Equation § represents the temperature dependence of 1he Tine
intensity.

: s . :
kT “»5' e SR (4) '
[T,
whare o, = a, 5- 12 -
o
n
S he oo {To - T)
S(T) » 5(10)(?3) oxp [ he g (_91.(_‘1._ ] (5)

Apart from constants, an examination of Equations 4 and 5 show that the absorption coefficient as a
function of frequency is determined if the Yine position (frequency), intensity, half-width at standard
conditions of temperature &nd pressure. and the eaergy of the lower state (E") are defined for each line.
These are the four fundemental parameters used in the HITRAN calculations for each ahsorption lire.

The application of the molecular data compiiation to the gereration of a monochromatic transmission or to
a high resolution spectrum then follows the strafightforward appiication of Equations 6~9. Equation 6
computes the munochromatic transmittance due to a single line of a single molecular specfes. Egquation 7
then sums the contributions to the absorption coeffici.nt at the frequency, v, from all lines assoclated
with a given mulecular species as well as all lines associated with different molecular specfes. Equation
B indicates the necessity to integrate this result through an atmospheric path containing temperature,
p.essure, and concentration gradients. Finally Equation 9 indicates that, in general, {t is necessary to
convolve the resulting monochromaiic transmiitance result; with some kind of finite {nstrument spectras)
response function 1f one fs to generate a spectrum for comparison w'th measursments.



w(v) * xp - [K(vim] (6)

(V) = exp - [)_'J Yy kg (9) mJ] (7)

) = oo -y [ ek 0 )] (®)

) = T 9 - v @ (9)
fg9(v - "o) dv

Applications of this calculation scheme repeatedly at small frequency increments will generate a high
resolution absorption spectrum. An example of such a caiculation is shown in Figure 9 compared with a
laboratory measurement in the wing of the 15 im €0, band. A second example 15 shown in Figure 10 where
a computed snectrum is compared with a segment of © one of the spectra shown in Figure 1.

As noted above, in addition to molecular absorption by discrete absorption 11nes, there exists a slowly
varying component of the absorption coefficient which is observed experimentally in the laboratory under
certain conditions when absorption by some stmospheric gases is studied. This same kind of absorption
has also been observed in the atmosphere, particularly in ‘window" regions where absorption by discrete
Tines s small.

It s difficult to separate this "continuum" absorption from absorption in the distant wings of strong
discrate absorption 11nes. Indeed, for our purposes, it really doesn't matter as long as we understand

the dependence of this cont{nuum absorption on the physical parameters describing the atmcspheric path.

In reqfions of more substantial Vine absovption, the problem reduces to that of deciding how far into

the wings of exch line to assume individual line contributions and how much of the experimentally observed
absorption to model as a "“continuum”, even when we are quite certain that most of this contribution resylts
from line wings. Two significant absorption features, treated as continuum absorption and of particular
significance in atmospheric window regfons will now be described.

Water Vapor Continuum

The absorption coefficieny per precipitable centimeter of water vapor is given in Equation 10 where
Cq v.Tz is a self-broadening coefficfent duz to collisions of water molecules with other water moleculas,
CN\v-T, ic a ritrocan hroadening coefficient due to collisions of water molecules with afr (primarily
nitrogen) mu]ecuTes. P_ 15 the partial pressure {1n aumospheres) of water vapor and PN is the partial
pressure of the remaindef of the atmosphere (primarily nitrogen). 1t is necessary to establish the C
and the C. quantities and their frequency and temperazture dependence in both the 8-14 and 3-5 micro-
meter regions. As of this writing, existing laboratory measurements have been anaiyzed thoroughly and
the resulting coefficients and temperature dependences are described herg. The laboratory evidunce for
the 8-14 um continuum gbsorption 1s given in Figure 11 (Taken from Burch’).

4
1) The 5-14 micrometer continuum“'6'7

€ (vaT) = € :,296) exp - 1800 (} - 2%;) (an

where C_(v,296) = 4.18 + 5578 exp (-7.87 x 107 v) (pr. cm)™" atm™!

and Cyiv,T) = 0.002 x Cy(v,296) {pr. em)™ ata™"

i) The 3.5-4.2 micrometer cont1nuum8

Co(vT) = C(v,296) exp - 1350 (% - 2%3) (pr. ca)”! atm™! (12)

CN(v.T) = 0.12 x C‘(VaT)
where the L (v,296) values are given in Table 3.

Using these continuum functions and a series of atmaspheric nede]sg. Figure 12 has been constructed to
show the relative affects of the water vapor continuum at 4 2nd 10 .,

S
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Nitrogen Continuum

In addition to the more or less continuous absorption due to water vapor described above, there {s another
quasi-continuous absorption feature due to molecular abso*p»ion by the nitro?en molecule centered neer

4.3 ym (2350 cm'1). In the spectral region from 2400 cm~! to about 2800 cm~! this absorptfion feature {s
of particular importarce to laser transmission as 1t tends to provide a background transmission level for
paths in the lower atmosphere regardless of the presence or absence of abso.-ption lines and reg?rdless of
how dry the atmesphere may be. It §s of Tittle impurtunce at frequencies smaller than 2400 cm~! due to
the overwhelming absorption by atmospheric carbon dioxide. Figure 13 represents the absorption coeffi-
clent as a function of frequency for this nitrogen absorption as used fn the LOWTRAN and HITRAN models.

4. OPTICAL DATA (AERQSNOLS)

in addition to the continuum absorption by atmospheric molecules described above, extinction by aerosols
(absorption and scattering) is treated in much the same way fn our transmission models. That s, 1t can
be thought nf a, a slowly varying continuum function which is added to the more complex rapidly varying
molecular absorption coefficients, The primary difficulty in the case of aerosol extinction 1s our lack
of a complete description of the physical models for any given atmospheric pcth.

The fundamental quantities required in the determination of extinction coefficients due to aerasois are
the concentratio? and size distribution of the particles and the complex index of refraction of the
aerosol material Assuming spherical particles, Mie theory can then be applied and extinction coeffd-
cients for both scattering and absorption detemdned. A gre?é ??al of work has been carried out to deter-
mine the complex index of refraction of atmospheric aerosols Figure 14 presents the complex refrac-
tive index data used in the construction of the Rural and Maritime models.

In addition to the complex refractive index, the size distribution of aerosols plays an important role in
determining the extinction &s a function of wavelength, particlas having a dimensfon similar to the wave-
length haviig a greater effect on scattering coefficients than ot?e{ p?5t1cle sizes. Particle size
distribution measuremerts made by a large number of ifnvestigators's indicate that they can best Je
represented by some form of bimodal distribution. Examples of the size distributions used in construct-
ing the Rural ard Maritime aerosol models are provided {n Figure 15,

Aerosols can be continental 1n origin (dust and organic matter) or maritime in origin (see-salt component),
In urban industrial regions the aerosols can include soot-1ike particles. At st.atospheric altitudes the
background aercsols are predominantly ahout 75% sulfuric acid solution, although significant amounts of
velcanic particles may also be present. At higher altitudes (above 30 km), a significant portion of the
larger aerosols may be meteoric dust. They can be dry or they can contafn substantial quantities of liquid
water, especially as relative humidities increase above 70%. A series of models representing a Rural,
UrDan HeritimE. ard Trcpospher1c environment have been constructed based on 2 variety of experimental

uunJ QHU bllt)c IIIUUEI) IIUVB IJCC" lllLU! l'Ulﬂl—CU IHLU our LUHI"V‘I- Llﬂl))lll!))lull IIIUUCI

The application of Mie theory to the compiex fndex of refraction data and particle size distributions
produces the normalized extinction coefficient (scatterinc plus absgrptiong curves shown in Figure 16,
These aerosol modeis have been included in the current (LOWTRAN 3B)® transmission model, Applying these
models to a 10-km horizontal path at sea level for a visuai range of 23 km and including all molecular
absorption effects generates the transmittance spectra given in Figure 17.

Low values of the visibility {less than 2 xm) are usually associated with the transition from haze to fog
and the coacurrent growth of particles by accretion of liquid water., This occurs more rapidly the higher
tne relative humidity. These effects are not accounted for by the present aerosol models. Therefore,

we dare currently extending our aeroso) modelling efforts to describe this particle growth with increasing
relative humidity. Figure 18 shows the results of applying our knowledge of this particle growth process
to the Rural aerosol model. It 1s apparent that the wavelencth dependence becomes much less as the rela-
tive humidity is increased. Such humidity effects ara being included in our LOWTRAN transmission model.

5. LO# SPECTRAL RESOLUTION PROPAGATION (LOWTRAN)

Although we have already discussed certain elements of the LOWTRAN code, it §s easlest tc discuss tt in
the framework of HITRAN, continuum absorpti?n madels, &nd aerosol modeis. The highest spectral resolution
obtainable with the LOWTRAN model is 20 em~ Therefore, {t smears out {or averages) the results of
individual absorption 1ines. This averaging process is at the root of the construction of the LOWTKAN
modei. Aside from this averaging associated with molecular line absorption, LOWTRAN simply adds in the
extinction due to the more slowly varying functions associated with molecular scattering, zerosol scatter-
119 and aerosol absorption, Particular efforts have been made to create an efficient and flexible trans-
rissfon model and this element of LOWTRAN {s one of {ts primary assets. In the moiecular absorption area
tmis has required some approximation and concurreit compromige in accuracy. But this slight compromize

{7 accuracy simply allows the solution of problems which would be impossible with more detailed calcula-
*fons of molecular absorption. An example of the kind of results obtained with the LOWTRAN computer code
1y shown in Figure 9 1n which the LOWTRAN 3B resultc have been compared with field measurements. There
kas been great interest in the effect of the water vapor continuum modifications described abeve, so
Fugire 20 has been developed to show the effects of this recent mod1fica%10 We have recently developed
¢ version of the LOWTRAN model capable of computing atmospheric radiancel® for any of the same geometries
sssociated with the transmission model. A comparfson of the LOWTRAN 3B-Radfance model with atmospheric
~2ulance measurements made at an altitude of 18 km 1s shown in Figure 27.
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6. LASER TRANSMISSION

The addition of continuum extinction functions associated with both molecular scattering and absorption
and aerosoi scattering and abscrption have been made to several of the HITRAN transmission models: An
example of a high resolution computed spectrum compared with field measurements is shown in Figure 22
(tak?n from Reference 15)., A special version of such a HITRAN model (tc be called LASER) is in publica-
tion!6 and will generate extinction coefficient charts such as that shown in Table 4. The four extinc-
tion coefficients indicated in Equation 1 can be obtained from such charts for a wide variety of atmns-
pheric models. Extinction coefficients for any atmospheric path can then be obtained by summing appro-
priate entries.
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MOLECULE FRACTION BY VOLUME
NITROGEN (N,) 0,78
OXYGEN (0,) 0.2l
ARGON (A} 0. 0093
CARBON DIOXIDE (€0,) 0. 00033
METHANE (CH,) Lexio®
NITROUS OX1DE (N,0) 3.5%10 "
CARBON MONOXIDE (CO) 7.5x 107
OZONE (0, VARIABLE 10°8)
H, N, K : <10
[4] e r
WATER VAPOR - VARIABLE (< .03)
AEROSOLS
DUST
SALT VARI ABLE
LIQUID WATER )
TuBLE 2 - AFGL Li~z Compilation
MOLECULE NG, OF ENTRIES
HoO 38,350
0y 57,288
05 19,327
Ny 15,500
o 383
CH 2,519
) 1,726
PARAMETERS INCLUDED
FREQUENCY ENERGY OF LOWER STATE
INTENSTTY QUANTUM NUMBERS
HALF-WIDTH 1SOTOPIC 1.D.

TABLE 1 - Atmospheric Constituents
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TABLE 3 -~ Self-Broadening Absorption Coefficients for Water Vapor Continuum , 1
(3.3 - 4.2 ym)
t
vl Cg(v,296) 7R €Y D (AT ) _v_ Cuy296) 0% 0 2D !
2350 0.230 2700 u.120
2400 0.187 2750 0.147
2450 G, 147 2600 0.174 |
2500 0.117 2650 0,200
2550 0.097 2960 0.240
2600 0.087 2550 0.280
2650 G.100 2000 0.3%0 i
1
,:, ]
|
1
!
|
| .
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—— MURCRAY ET AL. HOLLOMAN AFB, NEW MEXICO,
19 FEBRUARY 1975
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SAMPLE SPECTRUM OF SHORT WAVELENGTH REGION OBSERVED
AT AN ALTITUDE OF 18.0 km AND A ZENITH ANGLE OF 63° ON
19 FEBRUARY 1976.

FIGURE 21 - Comparison of LOWTRAN 3B Radiance with Field Measuremert
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DISCUSSION

-~ -~

B.S.Kotz, US .
What is the status of improvements in HITRAN lines in order to develop hot aircraft and missile plume band ‘
mnodels?

Author’s Reply
There is a need for more high-resolution data if high-resolution calculaticns are to be done. For band model calcula-
tions with inherently less resclution constants are available to extend the time compilation to higher vibrational and
rotational states.

H. Fluess, FRG :
What is the spectral resolution of HITRAN in comparison to LOWTRAN?

Author's Reply
The HITRAN spectral resolution is infinite, limited only by the real width of spectral lings in the atmosphere. The
LOWTRAN spectral resolution is 20 cm™ . 1

C.Fengler, Canada
(1) Is there a need to consider the shape of aerosols?

(2) Have you to consider interactions depending on charges dwelling in aerosols?

Author’s Reply 1
(1) Yes, but such effects are probably small compared to uncertairties in aecrosol size distribution and complex
indices of refraction for a given atmospheric path.

(2) Idon’t know the magnitude of such effects. 4

.D.Lyon, UK J
How do we obtain copies of up-to-date HITRAN and LOWTRAN programs?

Author’'s Reply
Reports can be obtained by writing to me directly. The HITRAN data tape, LOWTRAN and LASER card decks
can be obtained by writing to:

National Climatic Center
NOAA

Federal Building
Asheville, North Carolina, USA Cd

The HITRAN data tape costs $60.00. The card decks cost $20.00 ezch. -

M.Tavis, US
(1) What do you do about long :ails on absorption lines not accounted for by Lorentzenian or Gaussian Type Lines?

(2) LOWTRAN: Is curvature due to index of refraction accounted for? : 2

(3) Is the Diermendijian type model used for modeling aerosol disiribution for each of the bimodal components?

Author's Reply .
(1) Empirical Line Shape adjustments are made, Future HITRAN codes will assume standard line shape tc 64 half- i ;
widths and then add empirical “continuum’™. |

(2) Yes.

(3) Early LOWTRAN models used a Diermendjian aerosol size distribution. Current and future models are similar,
Sut different ir order to be consistent with recent aerosol size distribution measurements.

; .



N I L A AT

e pempg e -

34-1

MODELLING THE TRANSFLR OF RADIATION IN THE ATMOSPHERE

H. J. Jung, M. Kerschgens, E. Raschke
Universitat Koln, Fed. Rep. of Germany

In this paper the concept of radiative transfer ia discussed by 19ference to computations
of the radiative energy in the solar, infrared and microwave spectral range. The radiation
fields and spatial divergencieec are dependent on the ahsorption, scattering and thermal
emission by air molecules, aerosols, cloud and rein droplets. Additional parameters which
influence the radlation fields in the atmosphere ure the reflection and emission proper-
ties of the ground.

1 Ingroduction

A detailed knowledge on the radiation transfer properties and on the boundary conditions
at the uprer and lower bound of the atmosphere is required to model the transfer of ra-
diatior in the atmoephere. In the solar (0.2 - 3.6 um), infrared (3.6 = 200 um) and the
microwave (0.8 cm) spectral ranges the radiative tranafer is determined by the same basic
laws; but the extinction characteristics of the geses and the aimospheric particles as
well as the emission and reflection properties of the earth surface are different with
regpect to the wavelength region. In principle the complex index of refraction is an easy
wean tc describe this wavelength dependerce.

The radiative transfer theory is applied for many purpesese, in particular studias of
communication links and of the energy balance of tne sarth and the atmoaphere. For these
purposes many computation schemes have been developad which are described comprehensively
in the standard literature (c¢f. Kondratysv 1969, Paltridge 1976),

Studies of the radiative transfer are also parformed for remote sensing of atwosphere,
and oceanic and ground parameters. The number and the selection of these parameters depends
on the radiation properties of the target and of the intermediate medium.

This paper intends to give a brief review about the basic laws of the radiation transfer
theory. In particular it discusses some results of computations in the tkree wavelength
regions demonstrating the influence of cloude in the solar and infrared and the deter-
mination of rainfall rates in the microwave spectrum.

2 Rediation traonsfer ejuation

s 0 o B ey 5t e e e o e

for an arbitrary geometry of a transfer medium the radlative transfer equation takes the
form (Lenoble 1975):

WL = -0y (B * (L, (M) -7 (FAD )
where:
L, (T, i) : Spectral radlance at a point degi%ed by vector ¥ and for radiation propagating

in direction ¥ Ewatta m ! sterad

v: wave number {(cx1)

oextCF) : Volume extinction ceefficient (km'l)

J (7, ) : Source function (due to internal or externsl sources of radliation)

This equation describes only the transfer of unpolarized radiation in the atmcephere.

By introducing the four Stokes Parameter (L, Q, U, V) one is able to represent completely
the state and the degree of polarization of arbitrarily polarized monochromatic radiation
(Deirmendjian 1969, Chandrasekhar 1250). The Stokes Parameters may be defined in the follo-
wing munner (e.g. Van de Hulst 1957):

= Ll + Lr

L
M B 2
Q ° tan 2X

Vel - sin2f

(&
1

L} and L represent the radiancs of two orthogonal states of radistion in the transverss
P

ane of & wave, U and V give respsctively the direction of polarization aud the ellipticity.
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In the case of polarized radiation, L (F:ff) is to be coasidered as a vector, while the
gource function J (¥, [¥’) uust bhe replXced by a matrix. Calculations show, that the state
of polarization must be taken into consideration, if metsorological psrameters are inver-
ted from radiometric data especially in the microwave region.

There is a great variety of computation schemes for the solution of the radiative transfer
equation in a plane parallel or sphericalshell atmosphere with absorbing and scattering
constituents.

One can choose bLatween accurate but often much couputer time consuming solution methods
(cf. Monte Carlo, spherical harmonics or successive orders of scattering method) or
approximate but fast methods (cf. modified two stream approximstion, Delta Eddington)
which compute without significant loss on accuracy the radiation field in the atmosphere
(Lenoble 1975, Ozisik 1973).

For the computations in the solar spectral range discussed here s modified two stream
approximation (Kerschgens et al. 1978) is applied, while the radiancus in the infrared

and the microwave spectral range are determined by the method of successive orders of
scattering (Raschke 1972). The atmospheric model under congideration is horizontally homo-
geneous and plane-parallel, but inhomogeneous into the vertical direction.

The atmospheric gases 0., O,, HEO' CO, and also the aerosols and cloud- and rain droplets
act as absorbers., The 1gtenéity of thé absorption processes depends on the concentration
and on the apectral distribution of the absorption lines of the gases and the particles.

Besides the rain drople%s all mentioned absorbers influence the radiation transfer jin the
short wave spectral range (Moskalenkov 1968, Shettle and Fenn 1975). Taking into account
the highly variable amount of absorber concentrations (H,0) the prediction of the absorp-
ticn intenaity is very difficult. Regions of high transpﬁrency, the atmospheric windows,
can be used for remote sensing of the earth surface.

One assumption for determining the absorption quantities in the infrared is the validity
of the concept of the local thermodynamic equilibrium (LTE). The main gaseous absorbers
in this wavelength region are Hao, CO., and O, which have strong absorption bands at 6.3
pm, A> 17 um (H,0), 15 pm (C0,)°and 956 um (8,).

Absorption data~of higi spectgal regolution age tabulated by McClatchey (1975).

The absorption by cloud droplets becomes important especially in the atmcspheric window
{8 - 12 uxz), whereas in regicns of high abscorptivity the cpticel thiclkness of the cleund
ia so high, so that the cloud can be considered as & black bedy.

The transparency in the microwave region is determined by the sbsorption properties of
H50, 0,, cloud- and rain droplets (Staelin 1966).

3.2 Scattering

The scattering properties of atmospheric particles can be expressed in terms of the di-
mensionless Mie size parameter x = 2nr/) (\: wavelengtni, r: droplet radius) and the com-
plex index of refraction.

For the cese x < 1 (particle radius is small compared to the wavelength) the well known
Rayleigh approximation is valid (cf. scattering on air molecules in the solar spectral
range), while for x > 1 & more elaborate theory developed a% first by Mie (1908) shouid
be applied for the estimation of the hizhly anisotropic scattered radiation of cloud-,
aaroscla- and rain droplets (Deirmendiian 1969).

Generally the radiation transfer is strongly dependent on the scattering behaviour of the
atmosphere especially in spectral regions of high transparency. In the infrared, however,
the scattering effect can be neglectea, if the absorptivity is high. .

Fig. 1 shows three phase functions describing the intengity distribution of the scattered
radiation as a function of the scattering anzls for three wavelengths.

The computations have been done for the wavelength (A = 0.% um and )\ = 10.6 um for a Ns
droplet size distribution (size range: 0.1 < r < 20 um), while in the microwave region

& Marshall Palwmer (1948) raindrop size distribution (size range: 0.1 < r < 3.5 mm) kas
been used.

As s result of computations for a single scattering event (programn obtained from Quenzel
1976) the nortion of the radiation scatteryd in forwerd direction 1is reduced, if the wave-
length increases, At A\ = C.8 cm the ratio of the forward and backwerd scattered rauiation
reaches unity. Extensive studies of single scattering processes have been reported oy
many authors, e.g. Gisss (1971).

Boundary conditions of radiation models are the Jdirect solar beem incident at the top of
the atmosphers and the emlssion and reflaction properties of the ground. The latter are
depending on the refractive index and the surface roughness. In particular the effect of
fough?eas of oceuan surfaces is described in our calculations by the model of Cox and Munk
1954},

In the solar the radietion reflected at the earth surface isg highly anisotropic because the
surfaces acts a3 a diffuse reflecror. This anisotropy can be in particular detected over
water surfaces bLehaving like @ mirror. Additiocnally over cceans the absorption and scet-
tering properties of seawater must be known, since there is a radiation exchange detween

[y
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ocean and atmosphere in the asclar apectrasl range. Comparing the values of the albeda (=
ratio of the outyoing to the incoming rudiation) at the top of the atmosphere and at the
vcean surface one can estinate the effects of various chlorophyll concentrations (Fig. 2).

With sufficient accuracy the euissivity in the infrared igs assumed to be unity. Deviations
from this value cause a variation of the profiles of teaperaturs changes especially in the
planetary boundary layer.

The reflected radiation from ocean surface in the microws e range is highly polarized.

The vertical and horizontal polarized coomponents of the radiation show a different be-
haviour, if the wind speed and therefore the surface roughness increases (Stogryn 1972).
To estimate the eifects of varying wind speed reflection values for both polarizations

are derived from the Fresnel formula with application of the Cox - Munk (1954} model for
the sea roughness (Raaschke 1972). (Fig. 3)

A change of the emissivity is also caused by sea foam and whites caps (Hollilnger 1970).

The composition of sea foam, itz thickness and its density, is zubject of measurements

and tneoretlical model calculations (Roasenkrantz 1972).

4 Some radistive transfer calculations

Under consideration of all mentioned absorbers and scatters a calculation over the solar
and infrared spectral range is performed using a frequency model with a high spectral re-
solution. Fig. 4 demonstrates the effects of all this constituents in the presenc~ of a
Ns (Nimbostratus) cloud between 1 and 2 km altitude, At the top <7 “he cloud tiere s a
strong cooling, while in the region beneath the cloud both spectral ranges contribute to
an increase in the heating rate.

The influence of clouds on the radiation enargy budget depends on the height, on the op-
tical thickness and on the dropsize distribution of the clouds. Variations of these pa-
rameters dotermining the radlative properties of clouds are considered in radiative trans-
fer calculations by many authors, e.g. Kerschgens et al. (1978).

In the micrcwave region there exists a relationship between the brightness temperaturs st
the top of the atmosphere and the thicknegs of the clnud expressed in terms of rainfall
rates. Fig. S shows the behaviour of the radiation temperature for three difterent cloud
models. The LWC (liquid water content) is the dominating effect, while other absorbere
like H,0 or O2 contribute only at a low rate to the radiation temporature of this wave-
lengthy

Remote sensing in the microwave range seems to be a good tool for estimaving rainfall in-
tensities especimlly over ocean surfaces, Derivations of rainfall rates from brightness
temperatures are obtainuble by considering the boundary conditions at the ocesan surface
{roughness) and the effects of varying raindrop size distributions in or below the cloud
(3avage 1976).
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CALCULATION OF EXTINTTION AND SCATTERIMS IN THY WAVELENGTH '}
8000 MUnchen 80, W. Germany

Messerschnitc~BSlkow-Blohm GmbH, 1
Postfach 801160, 8000 Miinchen B8O,
W. Germany

SUMMARY

For system design and operational research purposes a comnputer program "KATTA" was writ-
ten for the description of absorpiion and scatiering of electromagnetic waves by hydro-
meteors (water droplets in rain, fog and clouds). The calculation is based upon the Mie-
theory and single scatterinc, It is valid for Mie-parameters up to 10,000 and includes
the angular dcpendency of the scattering function. Much effort has bheen done to achieve
fast convergence of numerical values. The program is compatible with existing LOWTRAN-
codes.

For application of the integrated KATTA + LOWTRAN-code to Europcan scenario detailed
European atmospheric input data were used. They contain statistical meteorological data
and German significant weather map types including precipitation, tog and clouds. The
results presented here show the variation of calculated atmospheric¢ transmission for the
different -wweather situation with and without precipitation.

1. INTRODUCTION .

The influence of the atmosphere on the performance of sensors in the various spectral re-
gions depends on

- the sensor itself,

- the spectral sensitivity of the aensor,
- the actual atmospheric data, and

- the probability of its occurrence.

For system design and operational research (D) purposes it is necessary to know not only
the technicel data of a gsensor but much more its operability in a given tactical scenario.
This acenario must be described with sufficient detaiis and equal depth, i.e. for each
spectral region. That means alsc that it has to-set a reference acknowledged by industry
and government agencies. s

For the description of the influence of atmosphere such a reference can be derived
elitheyr

- from time consuming measureincnt series or by
~ a theoretical approach.

Encouraged by the work of Selby and McClatchey /1/ describing the transmissicn through |
the atmosphere without hydrometeors in the spectral region from 0,25 ,um to 28 ,um two
computer progcams were written:

1. The program RATRAN /2/ for the description of atmospheric attenuation, ecattering and
refractiun in the microwave region from 0,5 to 300 GHz.

2. A supplement to LOWTRAN 3B callsd KATTA dcescribing the influence of hydrometeors in
the wavelength range from 0,25 to 15 /um. !

hs these programs should be used primaxily for Eurcopean weather conditions apphropriate
stmospheric input data had to be used instead of thax data, i.e. in LOWIRAN 3B. The German
Military Ceophysical Office (AW Geophys) took over this time-consuming task and provided

very detaliled atmospheric data to these programs /3/. ’

In this paper therefore the influence cof hydrometeors in the 0,25 to 15 /um region and i
of the Germaa general waather situations will be presented.

2. EXTINCTION OF ELECTROMAGNETIC WAVES EY HYDROME'TEFORS
Water droplets in rain. clouds and fog are considsred. They ar: regardsd ar a dielactric

sphere with a complex index of refraeciion. Extiuction of e.m.w. is cause¢ by absorprion
and scattering. The extinction coefficient is calculated by:

1. Calculation of extinction crogs-secti. s ¢ according to sie~-theory as a functicn of

Mie-parameter (a-llg-) for values of ¢ up to 10,000 including sngular distributions,
and

2. Multiplying 9ext with the number of hydrometeors/volume unit and dlameter, and

3. Integrating over the whole digtrirition N(a} of hydromeieors. l




2. Calculation of Mie-Extinstion Cross-Section

2.1.1 The extinction crcsse-section 0 is calculacted according to Mie /4/. Fig. 1 shows
the relation of the effertive cross-section to the geometrical one as a function of a. It
can be scen that for values of o up to 20 high oscillations occur for the scattering and
extinction coefficient. For greater Mie-parameters absorption and scattering coefficients
approach to unity, which means that the extinction cross-section is twice the geometrical
one.

The numerical solution depends on the value of a and is carried out as follows:

A straightforward calculation was done for 0<a €20 (Mie-scattering). Recursive calcula-
tion of the non-sBelective scattering was performed for 20« a £2000 because of numerical
instabilities according to Kattawar and Plass /5/. For @ >2000 the laws of geometric op-
tics and Huygen's principle according to Van de Hulst /6/ wore applied.

Tne calculations were performed with double word length on an IBM 370 machine and a
single word length on a Cyber 175 machine.

2.1.2 Angular Dependency of Scattering Function

According to theory scattering is not uniform, but has an increasing forward component
vwith decieasing wavelength. This angular dependency of the scattering function was taken
into account in the proyram. Fig. 2 shows the scattering functions for 3,5 ,um and '0,6
and scattering angles between O and 20 degrees. The change of the scattérinq func-
tion by more than 5 orders or magnitude and the frequency dependency can easily be seen.

2,2 Influence of Droplet Distributions
The extinction coefflcientp 18 proportional to
- the extinction cross-section ¢ and

= the ruiber of hydrometeore N(a) per volume unit and diameter a
according tc eguation 2.1:

Dma:'. 2
p=x f (m,a,)) N{(a) a“ da (2.1
D
o

with
m = complex index of refraction for water droplets
a = Mic-paramater
A = Wavelength

The snfluence of the variation of the water 4roplets' index of refraction by temperature
changes 1z negligible according to Irvine and Pollack /7/.

The influence of particle denyity distribution N{a) ls, however, essentisal and shown in
the following.

2.2.1 roplet Distrir-tions for Fain
For rain the two main different distributions are according to

~ Marshall-Palmer (MP) /B8/ and
- Laws—-Parson (LP) /9/.

They are shown in Fig. 3 for rair rates of 2,5 mm/h and 12,5 mm/h respectively. The MP-
distribution is characterized by an essentially higher density of particles with a dia-
neter between O ard 1 am. This difference results in difCerent extinction coefficients

as shown in Fig. 4 for a wavelength of 10,6 Jum. The four curves were calculated with a

= MP-disuribucinon of rain droplets and starting integration with a minimum diameter b,
of 0,5 mm (curve 1) and 1 mm (curve 2) respactively and in addition with a

- LP-distribution and b, = 0.5 mm (curve 3) and D, = 1 mm (curve 4) reapectively,.

Besides curve 1 the other 3 curvee are lying closa to each other esgecially for hirher
rain rates. That means that the main contribution to the extinction coafficient in this
spectral region is based upon particles smaller than about 1 mm diametar. The cholce of
tha discribution to ba usad was based upon the agreemant of available experimental data
710,11/ with thesas theorctical data, which are shown together in Fig. 5. From this fi-
gure it can be azen that the LP-diatribution fits hetter to the experimental data,
especially at rain rataeg less than 5 mm/h which are the most likely ones.

tor the calculation D° was ©,5 mm and Dmax was 7 mm.
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2.2.2 Distributions of Droplets in Clouds
The drop distributions for eight diifer~nt types of clowls, nanely

- cumulus ccehygestus /12/
~ cumulus humilis /13/
- cumulus fractus /14/
-~ stratccunulus, cumalus fractus /i5/

- altoucumulus /y4/
- altostratus sS4/
- stratus /14/
- cirrus /15/

are taken from the litcrature cited and are vsed for the calculations of extinc:iion by
clouds.

Fig. 6 shows an exanple 0f the ex'inction co2fficient calculated as a tunction of w: ve-
length for

- a strato cumulus and
~ a cuwnulug hunilis.

Both curves are relited to thcir axtinction coefficient at 0,55 ,um. A significant nar-
row window at about 10,5 ,un appears for both clouds in the calcélutions. Experimental
Auta, i.e. by Moerl /16/, have contrirmed tlhitse theorvtical results.

3. METEOUROCLOGICAL INPUT LATA
For the computer model two diftferent meteorological input data sets were used, namely

- statisticzl Jdata wvaluated fror the year 1973 and
- general weather situvation. .

Both are briefly described in tie following.
3.1 Utatistical Meteorolugical Data

For & short analysis of system performance cne of 12 statistical meteorological data can
be called up which are diifercntlated by

- location inorth or south Germany)
~ season (Winter or summer)
- probakility of cccurrence

Thay contain the pregsure, temperature and humidity profile as & function of height above
M51, but ao precipitatiou. fog or clouds, and no detailed description of the boundary
layer.

l'or the souchern part of Gennany and the summer season Fig. 7 shows the  pressure pro-
files, 7vig. 8 nhows the °. temperature profiles, and Fig, 9 shows the 3 humiuity profiles
tugether with the corresponding valueu of the US-Midlaticude-Summur-atmogphere.

The lower curve is identified as the "lower extreme value® w!th a 10 % probability of nc-
currence, the curve in the middie is referred to as that of "mean vailucvs™ and the upper
curve is called "upper extreme value" (10 % prooability of occurrence).

Erpecially the variation of humidity influences the achievable atmospheric transmission
as showa in Fig. 10.

3.2 German Significant Weather Map Types

The lack of information about type and density of precipitation, probability of occur-
rence and density of rfog, distribution and type c¢f clouds, the limited number ot atmos-
pheric models and the requirements for detailed meteorolegical data of the boundary
layer for heights up to 2 km resulted in the generation of meteorological data which
are based upon 4 significant weather types. These 4 weather map types and their pro-
babllity of occurrence in summer and winter are shown below:

Probakility of occurrernce in:

Type Winter Summoerx !
Aest 55,9 % 50,4 % |
North 20,2 % 8,6 %
Fast 9,4 % 13,2 %
High 14.2 & 18,08 &

R
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The verticai profiles are recorded at

- 100 m intervals from O to 2 km in order to respect postible atmespheric irregulaiities,
and at
- 1 km intervsls betwecn 2 and 12 kn,

A concentrated ertract ¢of one of these sets is shown in Table 1 of Fiilus /2/.

4. CALCULATED REGULTS

With both meteorclogicel data aseta ~ome calculati-msg have b.uen nmade. The results acltieved
are gshown and discussed in the tolicwing.

4.1 Calculsted Results with Statistical Metec.ologival Data

The variation of atmospheric parameters, egpcecially humidity, vesults in a chince of at-
mo3pheric tiansmissicn characteristics. For tlhe summer values in the scuthern pevt of
Germany (area a-ound Munich) Fig. 10 shuws the transmigsion per km ior the upp:r and low-
~r extreme values. Especially at longer wavelengths a gsignificant reduction of transnis-
sion results with the vpper extreme values of the statistical armospheric data. This var-
fation is aboui the same for the winter data.

Curve 3 in Fig. 10 shows the calculated results with the US-Midlatitade summer data,
These results correspond in gnod approximation with those of the uppei extreme values.
The reason may ve found in the facl that hotlh atnosphere: have a humidiiy conten: of
about 13 g/m3 at M3L.

The lower extrcme values for stmmer 1973 corigspond qu.te well with "the US-standard At-
mosphere 1962" with a humidity of socut 6 ¢g/a? at MiL.

A comparison ot the mean values of winter zud summ:: enables Fig., 11. Lu= Lo the lower
humidity ccntent in winter the atmospheric transparency is higher than in summer.

4.2 Calculated kesulis with General Weather Map Type Data

The sup¢  position of probebility, type and intensity of precipitation, type and extenaion
of clouds and iog to the presewa, temperature and humidity profile in gercral weather

situation dats pormiss She coloulard ~Af el dotda el ren d anfCisdarts DI 12
situation dato pormits tho calculation of rcocaligile tiensmissic. ceolldivicnts, Fig. 2

shovs the transmission per km Inr

= the general weathe. situation: nourivh in winter, northcern Germaay with end without rar
of 4 mm/h which occurs with an 8 % probability during this weather situetion.
The significant redvction of trunsmiision in all spectral regions can cagily be scen.

5. CONCLUSION

The existing LOWTRAN 3B~code was suppleriented by a computer program describing the « x-
tinction of electromagnetic waves by hydrometcers. The extended program ia in use i
Germany for OR and system design purposes. According to the requ.orements detalled atnos-
pheric parameters including hydrcmeteors were insertcd bascd upou a deta led evalustion
of thsa AW Geophys. The proogram is compatible with the progrvam RAWHAN descoribing the xe-
mospheric influence in the micrcwave regilon,

Due to the limited comput'.ng tinme allowed for operativnal rasearcl. (OR) purposes only
single scattering was respected. Multiple scattering cal-ulations may icigrowe the accur-
acy of the results.

The concentration of rein droplets wag assgumed to be based upon Laws-Farson distribo-
vions. A verification of the full truth of this prelimiaaxy decicion has atill tu be
made.

buec to the lack of related dats the infiluence of atmospheric wuribulences could not yn:
be respected.
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DISCUSSION

R.A McCiatchey, US
It was indicated that the LOWTRAN 3D Program as madified was applied to laser transmission, In regions of
molecular absurption, this application would be inapplicable. Would the author please comment?

Author’s Reply
it is intended to use the improved version of the LOWTRAN-Code together with the supplements of our program.

3.Rottger, FRG
Turbulence might give rise tv strong signa! scintillation which can detonate the circuit reliability. Would you assume
a necessity to include models of (clear air) turbulence for further improving your caiculations?

Author’s Reply
The program is in the first stage of development. During vhe improvement stage of the program w= expect to receive
input data describing the influence of turbulence in an appropriate way.

M.Tavis, US
Is molecular absorption included in cloud propagation calculation along with the hydrometzor effects?

Author’s Reply
The molecular absorption of water vapor and oxygen is included in the calcuiation of rainfall rates at 37 GHz. But
in comparison with the scattering and absorption effects of different raindrop distributions the contributions of
atmospheric gases don’t play a dominant role at this wavelength.
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A BAROCLINIC MODEL FOR THE PREDICTION OF THE VLERTICAL TEMFERATURE AND MOISTURE
STRATIFICATION IN THE BAROCLINIC BOUNDARY LAYER

by

W.Behnke
Universitit Koln, Fed. Rep. of Germany

Abstract

A baroclinic but otherwise horizontally homogeneous model of the planetary boundary
layer, which considers instationarity, is used to compute the different influences
of roughness and baroclinity on inversion height. Computations are compared with
the measurements of an acoustic echo sounder.

1. Introduction

The planetary boundary laver, i.e. the lowest part of the atmosphere of about 1-2 km
thickness, became subject of increasing interest in atmospheric research and modeling.
Tt is the transit layver for all exchanges of energy end momentum between the free
troposphere and the ground, Therefore, its vertical stiruzture determines to a large
extent these processes., Since it is also largely affected by the large-ascale circu-
lation processes and by the structure and thermal properties of its lower boundaries,
its modeling requires a detaliled underastanding of both these properties.

Recent considerable efforts to investigate the praperties of the planetary boundary
layer primarily arose from the need to model the physical processes in it within the
frame-work of numerical forecast models. Such work nas been recently Bummarized by

the Europesn Centre for Medium Range Weather Forecasts (197¢), But also the research
of the effect of urban areas on the climate in the immediate environment requires a
basic physical uncerstanding of the physical processes taking part within the boundary
layer. Such work earned increasing interest as the general interest for environmental
problems increased (e.g, Chandler, T.J., 1976).

Within the context of this meeting also an exact physical modeling of the planetray
boundary layer and perhaps a forecast of its vertical structure and perhaps almo its
turbulent behaviour is of great Interest. For instance,within or near inversions the
vertical profiles of temperature and moisture exhihit drastic changes. thus effecting
the prepagation of electromagnetic waves of the cm- and m-regions (Jeske, H,, 1965;
Friichteniehy, H,W., 1971), Forizontal comrunication lines will have major profit from
an exact forecast of such properties, e.pg. of the profiles of the refraction index.
This includes also the evaporation ducting frecuently observed over the oceans,

This paper does not present a general survey on recent research of the properties

of the planetary btoundary layver, Such results are reviewed in recent publications by
Businger (1973) or by Tennekes (1973), Instead, it contains the description of a
time-dependent and baroclinic boundary layer model, which could e used for short-range
fcrecasts of the vertical temperature and moisture structure -~ and thus also the
refractive index.

2. The model

The model makes use cof the Boussipesq-approximation and considers all processes es
instationary. It is hcorizontwuily uociiogeneous, Tut barcclinic., Tie eriginal veraion

for a barotropic model atmosphere has hLeen developed by Venkatram and Viskanta (1975).
These authors determine the turbulent exchange with the equation for turtulent kinatice
energy E, as derived by Morin and Yaglom (1971).

It is

E=é—(;—'—§0:zop) (1)

where u', v', w' are small deviations from the respective mean wind componente. The
total change of F with time 3s pgiven by

IS Rt SNt UL B I

vwhere £ is the mixing length and y is the so-called counter gradient (Deardorff, J.W.,
1966); ¢, T are the gravitatonal accelsretion and temperature, respectively. The first
three terms on the ripht-hand-side of eq. (?) determine the divergence, shear prrocductior
and thermal production of turtulent kinetic energy, the last term deacribes its
dissipation.

It is
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where ¢ has to be determined experimen-.ally. ¢ = 0.09 is a commonly accepted value
(Launder and Spalding, 1972)., We assume the ratic for the exchange coefficients for
heat and momentum as constant (as derived by Pusinger et al. (1972)) for neutral
stravification.

a = = 1,35 (u)
Py

It is further afier Blackadar (1962)

Ky = e1/3 (473 5)

where the mixing length £ depends on the height of the plaretary boundary layer.

The height is determired by the energy and momentum fluxes at the surface, but also
by the gradients of the wind and temperature fields above the inversion, capping the
boundary layer.

In the equation of moticn we conslder the baroclinicity as expressed bv the geostrophie
wind shear Au (x-direstior) and Av (y-direction)

3; = d_(k %E) + f(v-(vg+ Av.z)) )
v .2y - flu-(u_+ Au-2z))
T iz ms— E

ug and vg descrive the geostrohic wind components at the surface and f iv the Coriolis

parameter.

The diabatic heating of the model by solar and terrestrial radiation has been computed
with & modified two stream approximation (Kerschgens et al., 1978) and in the infrared
vy a simplified flux equation model, which is similar to that by Rodgers and Walshaw
(1966). The diurnal variation of the solar zenith angle is considered with time ateps

of one minute,

The equations of mction and equations for the conservations of energy and moisture
have been solved with a finite difference approximation. A first order frinite difference
scheme har been used to scglve the equation: for turbulent kinetic energy.

3, Some results

Results have been obtained for the following boundary conditions:
tnermal diffusion in the ground = 1.33-1072 cm 8™ 2
(Verkatram, A., et al., 1976)

evaporation at the surlace: as determined by the Helsteadt
parareter H = 0,1 (Halsteadt, M.R., et al., 1957)

Coriolis parameter £ = 1.11-10~u s~!

The inltial conditions are based on synnptic observations and a radiosonde sounding
obtained on July 11th, 1977 at noon (13,u0 GMT) over Co.ogne, Usrmany. At tbis parti-
cular dagy the large scale circulation over that area wxs deteimined by ag aaticyclone
with warm air advection; the geccurophic wind at ground was abont iC m3™ ~, the height
of the boundary layer amounted vo 1800 m,

In these nmodel considerations we prescrive the bvaroclinieity (Fig. 1) by

B« 120%, 500° (& - angle between the geostrophic
#ind at the surfacer and the thermal
wind)

and the wind sheu> magnitule

(au? + avHY12 15,4073 &

-

.« —-————
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and the roughness parameter

z, = 10 cm (~oughnesg parameter)

3.1 Effect of the baroclinicity on the height of the planetary bhoundary layer

Some results on the vertical profiles of magnitudes of the shear and thermal

production terms (erg/s) are shown in Fig. 2 for a labile stratification. The 18ver310n
height is 1656 m for B = 120° (warm air adveection) and much smaller for 8 = 300

when artificially a cold air advection is considered. In the first came the wind

shear at the lower boundary of the inversion is larger, and thus alao the downward
entrainment of heat through the inversion.

After sunset the height of the toundary layer suddenly breaks down and the noctur-

nal inversion arises. Fig. 3 shows a comparison of the computed inversion height

with that measured by an acoustic sounder on evening of 11th July 1977 over the

city of Cologne.

A wind speed maximum is frequently observed at the top of the nocturnal inversion
(Lettau,H.,1954; Blackadar,A.K.,1955; Thorpe,A.J.,1977)., This sharp maximum is
supergeostrophic and is often associated with extremely large values of wind shear.
Blackadar (1957) has shown that this inverafon wind maximum (also described by
Reiter,F,R,,1961) ia caused by an inertia oscillation in the regicn above the in-
vergion, where all the turbulent exchange is suppressed, that only a jet-like

profile with a wind maximum at the top of the inversion yislds a stable configuration.
Whereas, the existence of a wind maximum above the level of the inversion is liable

tc result In a chaotic breakdown of the inversion.

The model computations show that not only an increasing geostrophic wind with height
but also an increasing agecstrophic wind component at the evening and the inertia
oscillations of this component at night create a wind maximum several hundred meters
above the top of the nccturnal inversion.

Luring cold air advecticn (B=300°), the ageostrophic component of wind speed decreases
witnh height, as can be observed also for a barotropic atmosphere. But computations
assuming werm air advection (the synoptic sitaation of 11th July) give a growth of

the ageostrophic wind component with height,

During the night of the 11th July twc breakdowns of the inversion occur in the compu-
tations: the first at 22.0C, the second at 4.CO local time, Such breakdowns can be
found at nearly the same time in the facsimile acoustic ssunder chart. Abpcut half an
hour after breakdown the inversion regenerates and it is distributed among a deepe:
layer as before.

1.2 Fffect of the roughness parameter z, on the height of the PBL

For both cases of labile and statle stratification B = 600, computations were made
assuming a rather smooth surface (z_ = 0.1 cm, representativ for mown grass) and a
very rough surface (z_ = 100 cm, reSresenting & city)., Figs. 4, 4b and dc show gpain
vertical profiles of fhe shear and thermal production terms of turbulent kinetic
energy, computed for 8,30, 11.30 and 1ii.30 local time.

Ir case of stable stratirfication the rouphness 1ifts the height of the boundary layer
from 300 to %50 m, since it is entirely d<termined by the wind shear.

With increasing labilization the thermal prodGucticn term becomee of increasing im-
portance. However with increasing roughness the evaporation also rises, lowering
then the flux of sensible heat. Thus the PBL grows faster over areas with lower
roughnees.,

4, Conclusions

This Is & one-dimensional boundary layer, where btarcclinicity is introduced. Tts
results, however, exhibit the behaviour of the PBL as it can be almso quite frequently
observed. In this paper we demonstrite the results with the aid of two terms of

the equation of turbulent kinetic enerpgy (2), In the oral presentation our discussione
will be extenned to the effect of these changes on the stratification of the refrac-
tive index in *he microwave region.
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DISC'JSSION

M.Tavis, US
Do you have. any comment on the possibility of the cffect of gravitational waves on the inversion layer causing
scintillation of 1eceived microwave signals at low observation angles, i.e., 5°.

Author’s Regly
As tar as | know the decrease 0, increase of inversion height is often combined with gravitational waves as measure-
ments of an acoustic :ounder system indicate. But, | can give no comumer:t about the effects on the mentioned
wave propagation provlem. At this pariicular point, I must refer to the author, W.Behnke.
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SUMMARY OF SESSION VI
OPTICAL SYSTEMS/PROJECTS
by

Dr L.F.Drummeter
Session Chairman

The session provided several views of programs which are concerned with: either the acquisition of data for the
verification or improvement or propagation models, or the generation of modelling procedures for evaluating or
predicting optical system performance.

The emphasis is in the region of the lower atmosphere, The US Navy cutlined two widely different programs. the
work of Dowling et al and Trusty and Cosden, from the US Maval Research Laboratory is concerned with the acquisition
of firld data to belp improve the well-known HITRAN and LOWTRAN models of the Air Force Geophyrics Laboratory.
The program of Katz and Hepfer, of the Naval Surface Weapons Center, is designed to provide statistical perform.ince
prediction capability for at-sea electro-optical systems.

Tie work of the US Army Atmospheric Sciences Laboratory, as described by Gomez, is concerned with problems
cf the bat.lefield environment on electro-optica! systems. The large scale effort involves laboratory me.sursmenis, field
measurements, modelling, etc. in a compiicated area. In Eurcpe, somewhat similar concerns are developed under the
QPAQUE project which has major measurement programs underway. In Germany, H. von Redwitz et al froma the [nstitute
fur Physik der Atmosphere (DFVLR) have had a program for airborne photometric measurements which heip connect
scatterad OPAQUE stations through vigibility-type information,

Also in Germany, Abele et al from the Fomchungsinstitute flir Gptik have been examining transmission in the
important CO, region and comparing it to visible transmission. It appears predictions from visible to 10 umeters are not
adeguate - an important operational finding.
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A REVIAW OF THE NAVAL RLSEARCH LABORATORY PROGRIM

IN ATMOSPHERIC MEASUREMENTS AND APPLICATION

I0_MODELING

I - Precieion Atmospheric Transmission Measurements and Model Comparisons

J. A, Dowling, J. A, Curcle, §. T. Hauiey,
R, F. Horton, K. M. ‘aught, D, H. Garcia,
A, Guttman, C. O, Gott and W, L. Aganbar

Naval Research Laboratory
Washington, D, C. 20375

SUMMARY

Extensive field measurements of atmcapheric extinction at several infrared laser wavelengths have
been pcrformed using procedures and fecilities described in this paper. Recent additions to these
experimenta include & high resolution Fourier transform spectrometer (FTS) and 8 gas filter correlation
spectrometer (GFCS) which uses HYDO as the filter gas, The combination of laser cextinction, FPIS and
GFCS measurements provide well characterized and precisely calibrated high resclution transmission
apectra usetul in cowmparisons to computational models. Examples of comparisons between these data and
line-by-line computer calculations for several spectral regions are presented and discucsed,

1. INTRODUCTION

For several years, NRL scientiata have been conducting field experiments dealing with atmospheric propa-
gation of iufrared lager beams., Earlier experiments were designed to study the effects of besm spread-
ing an! beam wander caused by atmospheric turbulence (Dowling, J. A,, and P. M. Livingston, 1973),
Recently, measurements of atmospheric extinction at everal laeer wovelengths of interest to the Navy
High-Energy Laser Project-primarily those of the DF laser operating near 3.8 m-have been emphasized,

During 1975, two extensive experimente were conductad at coastal sites in Florida and later in California.
The Floride experiment followed initial DF laser transmiseion measurements performed at tue Cape

Canaveral Air Force Station (CCAFS) early in 1974, The California experiment was performed in conjunc-
tion with bigh-power, DF laser propagatfon tests conducted duving the Juint Army-Navy Propagation
Zxperiments at The 1KW Capistraco Test Sicte during ray througin Guioher 1575, (Dowiing, J. &., et ai,
1977).

Seve-al hundred measurements of DF and Nd-YAG laser tranmeission, along with supporting meteorological
data, were used to tast the validity of transmission predictions based on a line-by-line computer code
calculation, The results of comparisons of the field measurements with predictlions based on & hi-TRAN
type calculation using the AFGL spectral line atlas s&re summavrized in this article.

kecent modificetions to the trailer-based measursment eystem used in tha earlier Floride and Califoruia
experimenta include ¢wo significant additions; &) & high-vesolution atmospheric measurement capability
based on 2 Fourler transform spectrometex (FT5) system and a gas-filter correlaticn specrtrometer (GFCS),

This papev deacribas the apparatus used in the three types of weasurements, the philosophy underlying the
experiments_ an’ the mors important results obtaired in vecent studies. Examples of data collected in
these experiments are used to 1illustrate the sppli~ation of high resolution transmission measursmentcs

e, ero o3 I P £ 4 Fooed Vocas s afumm srnet sdonot. nrooes o
Lu Lhe UndETsLanting &nw aliurals wodsilng of 4nfraxed laser and dnfrormsd taxpst signaturs propagation,

2, LASER EXTINCTION MEASUREMENTS

The lnfrared Mobile Gptical Radiation Laborctory (IMOHL) used to collzct the laser calibrated high-resolu-
tion atmespheric tranemission epectra dimcussed in this paper comprises seveiral {nfrared laser and black-
body sources, laxge, - .able telmscope optics, a scanning Michelson interferometer (9MI) = stem, and
various @uppogt equipmevt, all of which ere transportas in and operated irom several large sewi-trailars.
The usual measurement configuration consists of an op.ical transmitter trailer housing HaNe, Nd-YAG, DP,
€0, and CU;z single-line cw laser sources, velay optics, and a large stably-mounted and precisely-pointed
91 cm apsrture, £/35 Casseprain collimacing telescope. The swall cw cowbustion-driven DF laser usoed
for much of the laser extinction work previouely carried out requires a large (16G0 cfm) vacuum systen
for opet swtion, This purp 1is housed in a saparate trailer; a 20 cn diame~er, vacuum line 1s installed
once the two trailers ure properly located st the measuremsnt site. Two additional trailers contain
offize space, meteorological sigrdl proceseing and recording slectronics, and bottled gas and othsr
consuwable supplier ussd during the courss of an sexperiment,

The FI8 eéystem and auparatas used for laser extinction measuremants 16 housed in a raceivar trailer

which contains a 120 cm spertura, £/5 newtoniun telescope. The large recelrer to'escope aperture insures
that the eutire laser beam used during long path (typically 5 ka) extinction measyrements can ba entirely
cullected, thereby providing reliable sbsolute transmiseion calibratious for the FIS mezsurements. High
resolution traasmissicn spectie sre taken by substituting G 1300 K blackbody source for the laser source
ir the transwmitter optical systew and adjusting the raceiver optical system 0 as to couple the FTS
systam to the 120 cm collecting telesuope, Rapeated calibrations and extensive exparisance with this
Geasurament aystew in field expariments have demonstrated that absolute trensmireisn can be readily
ceasured for long atmospheric paths with an uncertainty less than + 3%.
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Figure 1 is & photograph of the tracamitter statiou taken during a recent experiment at the Fizuxeut
Navai Air Station, Patuxent River, Maryland. From left to right in the figuve can be secen an office
trciler and meteorological system electronica, vacuur pump trailer, optical transmitter trailer (the
91 cm aperture telescope frume may be seer. through the open doora), and the mupply trailer respectively.

Yigure 2 is a schematic depicting the experimental arrangement used for laser extinctiun measurermants,
The output beam from any of the several laser eources used is first collimsted by auxiliary op.ics to

a diameter of spproximately 18 me, The besw 18 then focused via the off-axls parabolic¢ mirror shown in
the upper left end then dfverged to f111 the 9] cm transmitter telescope aperture, A 37 Hz, 50% duty
cycle chopper modulates the beam near the focus formed by the ofi-axis parabola. The beam is alternate-
ly transmitted through the telescope and reflected onto the statlonary detector as shown. The Mobile
decector shown in thie figure 1s placed in the "XMTR" position for calibration measurements ir which the
relative response of the two detectors 18 measured, The wobile detector is then placed near the focus
of the 120 cm aperture recelver telescope for a) calibration of the large telescope optical efficiencier
or b) long path extincc-ion measurements, The calibration measurements are carried out with the transmitte
er and receiver trailers immediately opposite one ano-her, i,e, for ~ zero atmospheric path, When the
treilers are separated for long path meagurecments the two typeas of calibration data are then used to
determine absolute atmospheric transmission for the seversl laser lires studied, The aignal produced
by the mobile detector Jdn the recelver trafler at one end of the measurement path is relayed to the
transmitter by means of a pulse-rate-modulated (PRM) GaAs-laser-based data link. This signal, propor-
:ional to laser power at the raceiver, 1is connected t.,» ““.» nuwerator input of & special purpose analog
ratiometer. The statfionary detector signal, proportional to the transmitted laser power 18 connected

to the denominutor input of the ratiometer, Thus, a real time measure of transmissfou for the laser
1ice being studied 4is available at the transmitcer site. The ratiometer reading must be corrected

for the relative response of the two decectors for that laser lire (monitored daily) aid the efficlency
of the large optical elements beyonc the chopper in ordex to obtain absolute transmisesion readings. As
shown in Figure 2, the voltage-cantrolled ascillator (VCO) and frequency-to-volrtaxe (FVC) convertor
used with the GaAs data link are also connected in the numerator circuit of the ratiometer when the
mobile detactor 18 used in the "XMIR" position, 8o that their combined transfer function is normalized
out of the final extinction ratio.

& comparison between observed extinction (which includes aercsol scattaring effects) and calculated
wolecular absorpiion for 22 DF laser lines between 3.6 and 4.1 um is shown in Figure 3. One would expsct
8 conctant cffaer hetween the two sets of points, due to aerosol scattering. As seen in the figure,

the agreement is quite good when thc trends between the two sets of points are compared,

Data from both the Florida and Caiffornia experiments, guch as that in Figure 3, were corrected for
serosol effects and compared with molecular absorp“ion calculations, An example of such a comparison
for the Pl-8 Df laser line 1z shown in Pigura 4. The squares are data taken at Cape Canaveral, Florida,
the crosses are data taken at the TRW Capietrano Test Site, California.

A susmary of compsarisons such as shown in Figure &4 Lé presented in Table I for the widlatitude~sunmer
water-vapor partial pressure of 14.26 Torr. Column five of the table lists the differentes between
measured and calculared absorption coefficients for each of the DF laser lines listed i{n column one.

The calculations utilized recently meamured HDO line strengths and widthe; the agreements between theory
and field wmeasuzemenrs ars quite good, with the worst case differences remaining about 297%,

3. GAS FILTER CORRELATION SPECTROMETER MEASUREMENTS

Figure 5 illustrates the basic operation of the GPCS device, The average trammission of an atmospheric
constitu 1t in the spectral intarval Au is given by the cxpression equated to T4+ The energy from a
greybody source, spectrally modulated by absorption due to one or more atmospheric constituents, is
collected by the receiver optical system. This selectively tranemitted ene-gy is mlternately passed
through a spectrally nonselective sttenuation arm with transmission Tg or through a cell containing a
known amount of the absorber under study, whose transmission is T.(u). The nonsslective transmission
(TR) 1is iniciselly balanced against the average transmissiorn of the cell during calibretion, It the
spectral character of the atmospherically trsusmitted enexgy resembles that of the cell absorber Te(v),
then a Jifference in tranerission and hence a mcdulation signal will result when the light from the
distant source 1s alternately passed through the GFCS instrumenr's two arme,

-t
g

1f the atmospheric abundance of HDO along ths S«km path used for the laser extinction and P15 measure-
ments {s sampled bythe GFCS, then a path integral value for atmospheric water vapor may be obtained by
using the imotopic abundance of HDO/H20 of 0.030%. Since water vapor is en importanc absurber in tha
infrared regions of interest for atmospheric transmissfor etudies, this path intagrsl is very important
fur use io cowparisons of traaswissiou data to calzulational medels. Path integral measurements, 1ike
thore proviced by che GFCS, ars particularly usoful for overwater trensmission experimente where midpoints
siong tha p.th are not veadily accessible to standard dew-poin: obaervationns,

The GFCS measuremdat cannot utili{ze normal water vapor aa the filter gas, because an amount of water in a
S5-km path at stindrrd conditfcnr cannot be maintainad in the vapor etate in the local reference cell.
However, there is very littis }D0 in the atmosphare, so that # greatly enhanced concentration of that vapor
can he held in 2 multipass sbsorpitlon cell. 4 S-km path asquivilent amount of HDO is contained fn the GPCS !
multipans reference cell, which affords a total path of 40 m.

Pigure 5 L9 a plot of data taken during recent sxperiments at ths Fatuxent Naval Alr Stuation, couwparing
vater vapor ceAsuremente obiaiied with the GPCS and EGSG model 110 dew«point hygrometere located on shore
aL cech end of the 5.12-ke ovarwatur path, When an HDO/H20 ratfe of 3 x 10°% 1s ured in reducing the
GFC8 dats, the results arc convigtently lowar than the fixed point messuremsnts, by ~ 30%. Independent I
HDO/H20 rutios derived from specrra taken during the G¥C5 measurements using tndivldual Hz0 and HDO
spoctral lines, togsther with vsceut line etrength data show that the 3 x 10™% abundauce ratio caznot be
unjversally applied to s«ll seu level locations. This is an important recult eince the HDU/Ha0 xatio pro-
foundly aftacta DF laser propagation.




4. LASER CALIBRATED FTS MEASUREMENTS

The procedure used in calibrating tke relative FTS transmiss<on apectra by means of measured laser-line
extinction 18 1llustrated graphically in Figure 7, The upper portion of the figure shows a portion of

a tranemission spectrum recorded at NATC, Patuxent River, Maryland. The lower portion shows the FTS
respones to the P1-8 DF laser line at 2717.538 cm™'. By use of the procedures outlined earlier for
laser extinction measurements a 523 transmission was measured at this line and used to calibrate the FTS
spectra shown, The traces in Figui® 7 &re coples of records produced by the FIS data system plotter and
show actual signzl-to-noise ratios cbserved in the 5-km transmissfon spectra.

Figure § shows results obtaiued with the FTS syetem by use of several DF laser transmission-calibration
points. The lower porticn of the figure shows a calculatfon of molecular absorption for the ¢rnditions
liasted above the plot. The calculations empley the same HI-TRAN code used in the DF laser line calcu-
lations discussed earlier. The overall agreement with measurements is remrrkably good throughout this
spectral region., improved agreement 19 obtained when the HDO/H20 ratio used in the calculation is re-
duced to ~ ?xlo'“, consistent with the GFCS results cited earlier.

Comparisons of erperimental spectra to HI-TRAN calculations in several spectral regions have been perform-
ed and an example of such a comparison is shown in_Figure 9. The upper trace shows a measured trans-
miseion spectrum of a 5,1 km path tetween 1950 ¢m™" and 2120 ca~l for 12.0 torr pactial pressure of Hy0
and a visibility of 31 km. The lower trace shows & HI-TRAN calculation for the same conditions. 3t 1is
readily appareat that the calculated sgectrum gubstantially overestimatis transmission {n the '"clear”
sub-intervals near 1980 cm‘l, 2000 em” *, 2030 cm™t, 2070 cm'l, 2085 ¢m ~, etc. The density of atmoapheric
absorption lines (mostly HpQ0) throughout this region is very high, with the result that cnly selected
sub-intervals show appreciable ctransmission. However these sub-intervals may be lwportant fer low water
vapor conditions, The calculated spectrum was generated by using &sn unmodified Lerentz line shape for

the water vapor absgorption lines. Based on rhe covparison shown here, it is possible that the far wing
absorption for Hp0 lines in this reglon exceeds that of 2 pure Lorentz ilne shape., Wnik in our labora-
tory 18 currently being devoted to studying Hy0 linme ahape variations ia this reglon which can account

for the discrepancies shown in Figure 9. 1t is anticipated that a'auper Lorentz" modified line shape

will be found which, when used in a HI-TRAN calculation, will generate agreement with the experimental
spectrum. lsing the variety of experimental spectra already obtained in the NRL measurements and
additinnal data for conditions and ranges of interest which have yet to he examined, a "best fit"
modificetion to the Lorentz line shape for the spectral region shown will be obtained. When incorporated
i{nto the HI-TRAN calculation, reliable transmission predictions will be available for the laser propa-
szation and plume signature applications as well as other transmission related problems occurring in this
spectral region,

Measured transmission for the region 2578 cm'l to 2573 cr."! 18 ghown la the upper portion of Figure 10.

A calculated spectrum for the messureuent conditions Is shown in the lower poriion., The culcalaiion was
carried out using the modified line shape suggested by Winters, Siiverman, and Benedict, (Wiuters, B, H,,
et al, 1964) and confirmed by Burch, et al, (Burch, D, E., et al 1969). A significant difference exists
between calculated and measured spectra in the COy band edge region, Work 1s currently underway to
obtain a modified line shape which results in & closer fit to the experiwental observations, The problem
{s complicated by the presence of an N, pressure-induced continuum abtorption vhich becomes more important
than the Cop wing absorption for higher wavenumbers beyond ~ 2420 cm™~ and gives rist to the shape of the
abscrption énvelope shown fn Figure 10 out to approximately 2500 cm™l. The 3~5 ,.m water ‘apor continuum
absorption which has been studied by Burch, et al (Burch, D, E., et al, 1974) and by Wr:kin. and White
(Watkine, W. R., aad White, K. 0., 1977) contributes absorption throughout the higher .ransmission

reglon shown in the figure, although the empltis?l expressions representing laboratory measurements have
been carried out for the reglon between 2400 cm = and 2600 ¢m °, Based on an examination of several long
path transmiesion Apectra measured for absolute humi{ditier ranging between 2 and 20 torr of Hy0, the
water vapor contribution to absorptiin in the CO, band edge regfon {8 secondary, charging the trans-
missicn by leas than 10% at 2935 cm” ° over the ognerved range in watex vapcr partial pressures.

Figure 11 shows a HI-TRAN calculation for the vonditions specified in the {igure without the inclusion
of & calculated 3-5 ;m H20 sontinuyum, Note that there are several locations where > 96% transmission is
measurable over the 3 km path for a water vapor partial pressure of 12 torr, (e.g. 2510 cm'l, 2603 e,
2615 cm'l, 2668 Cm'l, etc,) By exumining high resolution spectra recorded for high visibility conditions,
these maximum transmission locations constitute & useful approximation to the 3~5 ,m HyU continum
absorption, Maximun transmission velues for several spectra corresponding to & range of water vapor
partial pressures between 2 and 18 torr have been determined throughout the 3 o § um region. These

data show the water vapor depcndenci of the wind?w envelope and correspond to HyD continuum limited
transnission ia the region 2400 ¢m™* to 280G cm™* but are strongly afffected by local line wing contri-
butions below 2400 cm”l and above 2920 cm™), outside this vegion the transmission pegks define a
maximum transmission envelope and the edges of the 3-5 .m window.

Figure 12 is a plot of cxperimentai peak trananission values extracted from measured long-path spectra

for the several values of water vapor indicated in the figure, In each case thc meagured visib{lity
exceeded 30 km. The peak transmissicn values are shown for the entirs 3-5 .m window in order %o demuTw
strate the strong dependence of the window edges upott absclute humjidity. The reglon between 2950 cm™

and 3150 em ° 18 consistently opaque for fll but very 1Yw velues of water vapor while transmiseion accose
the long wavelength edge between 2000 cm™ " and 2200 cm” "~ changes rather uniformly with changes in ataclute
humidity,

Figure 13 shows a comparison of smooth curves representing the 2,12,and 18 torr (H;0) data shown in Figure 12
to the continuum model of Buvch et &al, (Burch, D. E.,, et al 1974), 1he experimental data exhibit a
flatter behiavior througiout the region 2500 ca} to 2900 P than does the g¢alculation, The magnitude

of the Burch wodel is close to the observed values for 12 torr near 2500 cm™* but shows constiderably less
absorption throughout the reat of the region and pocrer agreement for humidities higher or lower than

12 torxr,

v



374

Figure 14 1s a coumpariuson of the 2ame peak transmiesion curves to the continuum model cf Watkins and
White (Watkins, W, R,, and K, 0, White, 1977), This mndel ghows better agreement with the field measure-
ments at 12 torr throughout the eatire spectzal range although the curves derived from the long path dafa
are consistently fiatter than the model for water vapor pressurez of 12 torr and higher, Near 2800 cm™
the Watking and White model shoYs higher absorption for 12 and 13 torr than does the field data which &r~
relatively flat out to 2920 cc .

We have used several examples of high accuraty, long prath stmospheric transmission spectra to demonstrate
the ifmportance of this information for understanding various infrared atmospheric transmiesion problems,
Laser propagation and infvared target eignature transmisslon calculations must be carried out using an
accurate, high-resolution model to properly account for individual iine effects in cthe interaction of the
source emlssion with the abscrbing atmosphere, Infrared surveillance and imaging systems operating in
moderately wide spectral bands may be affected by spectrally uniform absorptions in the atmospheric
windows, thcrefore such continva must be accurately modeled as well. The use of laser-extinction-cali-
brated, high-resolutior data for continuum estimates and cowparisons to current model vslues has baen
discussed and significant varjations with calculations identiffed. While the iine-bv-1ine correspondence
of measured and calculated spectru are generally in =2xcellent agreement, several variations between
wmeasured spectra and HI-TRAN calculacions have te=n identified ard work directed toward the derivation of
improved line parameters and an empirical representation of the 3-5 um Hy0 continuum, based on the lonx
path atmospheric measurements ic in progress.

—
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A REVIEW OF THE NAVAL RESEARCH LABORATORY PROGRAM

IN ATMOSPHERIC MEASUREMENTS AND APPLICATION

IO MODELING

171 - Acrosol Size Distributicne for Modeling and the Prediction of Optical Extinctiona

Gary L. Truaty and Thomas H. Cosden

Naval Research Laboratory
Washington, D. C. 20375

SUMMARY

In the wvinter of 1375 the Optical Radiation Branch of NRL was making outdoor, long-path, laser
tranamission measurements. As parlt of that measurement program we began assembling instruments which
could monitor the aerosol that contributed to the laser extinction. This paper will give a brief
description of the resultant aerosol-monitoring Mobile Laboratory in its present state of development
and will present am overview of the many particle esize distritutions obtained in varfous locations in
the last three years.

1. INSTRUMENTATION

Parricle Measuring Systems Particle Spectrometers measured the aerosol size distributions. Theae

probes function as part of the Mobile Laboratory schematic shown in Figure 13, which indicates two
primary sets of sensors. The mereorological set on the upper left includes devices for monitoring air
temperature, dewpcint, wind speed and wind direction. On the upper right are twvo Particle Spectrometers.
Once i3 an Active Aeroscl Spectrometer Probe, which measures particles in the size range of 0.1 to 2.0
micrometer radius. The second 18 a High Volume Classical Scatteriug Frohe, which covers a size range

of 1.0 to 15 micrometer radius. The electronica which handle the data from the sensors are in the
Mobile Laboratory &ud are illustrated in three columns. The center column showe the Particle Measuring
Systema (PMS) electronics, which fuclude the data buffer and a digital magnetic tape where the
information from all sensors 1s stored every second.

Simultaneously, the syrtem feeds the information 1. o the PUP 11/34 Data Acquisition System for real
time proceasing. ‘Ihe user may speciiy averaging tiwes. Daia reducilun ducludes the generatlon of
aero0a2] size distributions fror the probe data and the calculation, from these distrilbutions, of
extinction coeffliclents for five arbitrary wavelengths by the Mie scattering theory. A diac stores
regultant extinction coefficients, size distributions, and averdged meteorological paraumaters at the
end of each averaging period; this data later produces time piots cor cross-correlation plots.

2. EXPERIMENTAL RESULTS

Figure 16 an example of real time output from the computer program, The top line shows the year,
day, time of day, and the averaging time. The next line of numbers gives the air temperature,
dewpoint, wind apeed, wind direction, barometric pressure, partial pregsure of water vapor, and the
relative humidity. The plot is dN/dR plotted versus R in a log-log form, where N is the particle
concentrat! :n and R is rhe particle radius.

The or~line program uses the distribution to calculate in real time, the particle number density,
the cioss~sectional avea density, and the volums deongity. The resuelie of thore calgunlutions apnear
uirectly beneath the plot. Finally, from the distribution, the extinction cuefficients at five
wavelengths are calculated in real time, as shown on the last 1ine. These extinction coefficients,
obtained from Mi: theory, give only the extinction due tc the aervsols; no melecular absorption or
Rayleigh scattering 1s included.

Figure 17 18 a liast of the twelve fleld experimente where we have obtained aerosol size distribution
data. They tnclude inland, coastal, and open sea locations. Those marked with the circled crosses
indicate the locatlone reported in thiz paper.

As the first example, Figure 18 is a set of size distributions obtained on the oper sea 65km

off the coast of Nova Scotia. These result from the ship encountering a fog bank. Distributions
are shown for the aerosol outside, near the edge, &nd inside the fog. Note that for the three
locatinons the skape of tha distributions are quite similar except for the bimodal) property of the
curve for the INSIDU cege.

Flgure 19 shows another set of distributions obtained on rhe ship cruise of the previous example,
The circles indicate a distribution from the middle of the North Atlantic. The triangler are

for an aerosol in the amiddle of the Mediterranean. Note that neither diaplay an obvicue sea-spray
hump in the lavge particle region. The solid curve deunotes the Maritime Aerosol used in LOWTRAN 3B.

?igure 20 1s an example of data for a beach environment, obtained on the coagt of Florida. The
variation in the thrce cuives seems to be a resuit of different rclatfve humidity and wind direction
conditione. The diamonds are for a low humidity case where the wind was primarily from the open
sea, but 1in such a directi.n that it was nearly parallel to the beach at the point of mecasurement;
very little surf existed. The solid circles are for a case of wind from the land, agais of low

humiufity. %he circled crouses are for wind from the sea nearly norwal te the buach;, the murf mpray
blew 21 e~tly toward the particle counters.
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Although the distributions of the last example seem to nave quite different shapes, when we calcul. -
the extinction coefficients as a function of wavelenzth as shown in Figure 21 we find thosac resultsnt
curves to be quite similar. This 18, however, not the usual case, as the next example will show.
(The calculated points are for the wavelengths of 0,55, 1.05, 3.8, and 10.0 micrometers.)

Before going further, we should point out that resulte from measurements with humidities lees than 70%
are suspect in several ways. The size distributions are suspect in themselves becuause low humidicy
cavees an uncertainty in both the index of refraction and the sphericity of the particles. The
particle counters are not strongly sensitive to index changes because of the near-forward scattering
angles used in the measurement [ ‘ccess. However, they are certainly affected by the spherjcity. The
second stag2 of uncertainty comea in the calculation of the extinction coefficient. Herc both the
index and the sphericity affect the answer. A sensitivity study of index changes can give an estimate
of the effect for that portion of the problem, but the effect of the sphericity is hardev to predict.

Thus, we coasider our results here to be good for the higher humnidiiy cases, but to heve obvicus
probiems fco+ conditions of low humidity. However, in the general references to distribution shapes,
although several of thcse shown have low humidities, similar examples exist with high humidities,
such that the comments still pertain.

Figure 22 shows two digtributions from a series of weasurements at Dahlgren, Virginia r~n the banks

of the Potomac River. Although the large size counts are nearly identical, the swaller particles are
much more numercus for the higher huwidity case. Wind and temperature conditions were similar for
the two weasurement periods.

Figure 23 shows calculated curves for extincticn coefficlents from the distributione shown in Pigure 22.
Here, the curves are quite different. Note, in particular, that an attempt to predict the IR extinction
from a visibility measurement would not produce satisfactory results for both cases; {.e., the ratios

of visible to IR are definitely nct the same for the two cases.

The distributions shown in Figure 24 were meagsured at a mite 6.5km inland from San Clemente, California.
The 80lid circles are repregentetive of the typical aerodol we measured over a two week period on a
twanty fout hour basis. The circled crosses show the distribution from an unusually clear day;

Santa Catalina Ieland, at a distance of 8Gkm, could be seen clearly A morning fog is resp.asible for
the distribution shown by the diamonds. Because of the large number of particles beyond the limits

of the counters an extinction calculaticn for the fog case would not be accurste. To correct this
defictiency, we have raecently added a third counter will extend the particle size range tr 150 micrometers
radius.

The two distributions shown in Figure 25 were obtained at the NRL Chesaprake Bay Division, 60km east

of Vashington, D.C. The circled :rosses show a dictribution which ie typical of a clear winter day

in the area. The solid eircles denote a measurement result which was actually obtained from a ligh:
fog, even though the distribution i not typlcal of other fogs we have messured. The primary difference
ts the lack of large particles. For this case an extinction calculatien for the fog would not be
confronted with the accuracy problem mentioned before.

The distribution comparison shown in Figure 26 shows two winter measuvement results from similar
locations 60km apart on the Chesapeske Bay. These are preasented together because the disrriburlons
crosk in the center, making the difference in the overall slopes obvious.

Similarly, the extincction coefficient curves shown in Figure 27, derived from the diatributions in
Pigure 26 alsc cross, indicating once sgain, the difficulty of predicring IR extinction from visibility
measurements alone.

3. CONCLUSIONS

The purpose of presenting this paper is twcfold: One 1e to show the widely varying shapes a particle
gize digtribution can assume--even in seemingly similar clear alr conditions. The othey is to report
to the community that we have an enormous collection of aerosol size disiributions which will soon be
available. These distributions were obtained over a wide variety of documented conditione in different
locations. Hopefully, these data wil. prove useful in the validavicn of aercsol models.
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Table 1.

Comparisons of Measured snd Calculated Molecular Absorption for 22 DF Laser Lines for s
Water Vapor Partial Pressure of 14.26 torr.
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Figure 1. ‘lransmitter 5t
Office Trailer
mitter Trailer

ation for Long rath Laser Exrincriorn Measuremenrs. from Leit to Kight:
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Figure 17. List of Recent Field Operations Conducted by the Laser/Aerosol Interaction Section, Optical
Radiation Branch (NRL Code 5568). -
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Figure 21. fxtinction Coefficients for Varioue Wavelengthe Calculated from the Data Shown in Figure 20.

101—01 Er————rﬁ-—v—v—r‘!—r‘r‘l"‘-‘r“"r'—r*r‘rw'r[
r EXTINCTION VS, WAVELENGTH
+01}_.
10 - CAPE CAMAVERAL, FL
10700}
E )
- e ®
g 109
S e e °
& - ° '
- -02}-- L]
& - o
10'03 —
10794 |- ® 3/10/77, 1100, 89% RH
= D 3/14/77, 1100, 25% RH
¢ 3/1/77, 1100, 36% RH
10'05_ N NN T e daaal SN SN I U Y
10-01 10+00 10+01 10402

WAVELENGTH (HICRON)

1 0+05 E‘"W'—W“T—Tm——l'—‘fﬁ"‘fﬁ‘ﬁ‘[—‘—

10*04{_3

10+ 03

10492

LERALL) SR AR TIT| TG T 1T
-]
@e
O'

DAHLGAEN, VA,
1877

® 4/21/77, 2000, 88% RH
P D 4s22/77, 1500, 381 RH

= %

g 10t \

£

E 10*00% ‘% e

E @

9 100 : [ ]

zZ [::]

= B

o ;
1095 & -
LS
10704k eve
10-05. i Laul b 4 a3 dal & e b ek
104;1 10+oo 10+m 10-!-)2
R {um)

Figure 11. Aerosol Distributiona f: a a Seriesx of M asuremsits et DPahlgren, Virginia,




e s

10+02

10+ o1 -

1090}

IR

10'01

] ii'qu

10‘0'{

EXTINCTION (1/K4)

T

"‘0"03

M |m|

10"04 )

I"i

19 L1
10-

Figure 23. Extinction Calculaticns for Four Wavelengths Based on the DaLa Shown 1in Figure 22,

TTYTYTTTTY LA ||"7Tr"——r"""'—'ﬁ‘rﬂ_

EXTINCTION VS, WAVELENGIH

DAHELGREN, VA,
1977

@ 4/21/77. 2000, 382 /H

@ 4/22/77, 1500, 38% RH§

" Lo i i) " o ddt dald I J_L_A_A_A_‘j

01

10-!‘00 10401 0’902

WAVELENGTH (MICRON}

‘IofOSE T YT T v =TT
..... r %
jQf e =Y LAFISIRAND, (A, -
E ¢ 1977
e 0000
+ ®
10 oaa .:00 .
* ° ® 9/14/77, 0800, 872 RH
N B [ @ 9/20/77, 0800, 74% Rl
‘!0"‘2::-:- e o.\ # 9/22/77, 0800, 100% Rif "
- )
- & .

m3/um)
2

O [ 0%%% ¢
bl £ ) 0.
S 10 ° K’
G -
10702 E‘ ®
X ¢
1903}~
= ¢
-oat_ (]
10 3 e %
10° ?Iﬁo-m — “‘ib'l«t-oo — “416[+m o L:I'a-e-az
R (gm)

Figure 24. Aerceol Discributions Msasured st a S8ite 6.5 ka Inland from Ssn Clsusrte, Califoruia.

37-2i

@~ -




-2

Figure 25. Aerosol
D. C.

Figurc Zb. A Comparison 0f Asrvsel Dietributioas Messsred st Two Lucetions ou the S8hore of the  hssapeske

DN/DR (1/cm/pmi

Distriberions Measuted on the Shore ot the Chesapeske Bay, 60 km East of Washington,

ON/DR {1/em*/um;

1010[ T B anaten duls S o b v‘ T 2 | Y I'Il A T Y

KLt ) CHESAPEAKE SEACH, MD vj
2%
o “.

(e S ®o .
e
- @ 0. ® 2/17/78, 0950, 92% RR

10+02] @ 'e @ 3/9/78, 1118, 87X RH
: I Y
" )

ol R

10700~ °
L )

10‘0}.—

1092}~ £

10-%3-
H L] 9

10-04}-
8

10—05 SNy T S W ) W )

10-0\ 10+00 “04'0‘ 10*02

R (um)

'!O”'EF-— e e e e L e e Al q*'—-—r-"'\-—'\"r'v—rvi
1070

g § PAUXIND KBS, Wy -
10* 03} ‘:Q 12/3/76, 1309, €3S Pd -

- ] E

o ¢ @ & CHESAPEARE DEACH, MD b
10*va. 9 ¥/8/78, 1318, 87% W

E ®

r 4.0
100 e
100}

i ' '
10""5" ¢ "i
100 ot 3

H ¢

V-0
10 2 mg.

B

-o4 ¢
10 : " e
10-\13_ e e e ke d b, iadeed b ) At b ddode S0t

13 01 10400 10‘ 1 10'!0‘.:
R ()

Buy During Winter Conditions.

e e et e~

>

v

co g

2

PV O

e e adeaa

-



BRAP2

ce ——

10+ﬂ2 LB B B T T Y ' }
- EXTINCTION VS, WAVELENGTH
4
$ PATUXENT NAS, MD
- 12/3/76, 1100, 48% RH .
= @ CHESAPEAKE BEACH, MD 3
3/9/78, 1118, 87% RH i
3 {
—
S b 1
5 ¥
= ¢ 1
%
5 ® .
@ j i
[
sty SR S S S WY | 1 ‘Lillllj ’
10+00 10'0'01 . 10+02
WAVELENGTH (MICROM) i -
Pigure 27, Extincrion Caleulrtfons for Four Wavelengths Based on the Data Showm in Figure 26.

o




L I

DISCUSSION

R.A McClatchey, US
Size distribution measurements are quite difficult to perform, especially for the larger particle sizes. How were the
NRL measurements calibrated and how much confidence do the authors have in the mzasurements?

Author’s Reply
We have used the calibration provided by the manufacturer in all cases. In the past we have compared calculated
extinctions with simultaneous measured transmissions. The comparisons, when wind direction and relative humidity
are taken into account, give us fairly high confidence in the measurements.

J.Abele, FRG
You have shown the large fluctuations of the aerosol with regard to concentration and size distribution. Do you
intend to include turbulence measurements in your aerosol measuring programme to get an idea of the magnitude
of the fluctuations by correlating turbulence and aeroso! measurements?

Author’s Reply
We have considered measuring the turbulence along with the aerosols but have not yet done so.
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A MODELING PROGRAM FOR THE PREDICTION OF ATMOSPHERIC EFFECTS ON 1-O SENSOR PERFORMANCE

Richard B. Gomez
US Army Atmospheric Sciences laboratory
Electronics Research and Development Command
White Sands Missile Range, New Mexico 88002, USA

ABSTRACT

United States and NATO Military forces are increasingly relying on new sophisticated weapons systems
which have greater range, accuracy, #nd lethality than those of previcus wars. Characteristic of most of
these systems is their dependence on electro-optical (E-0) sensors which are stron:ly influenced by ths
operating atmospheric environment. Taerefore, it is extremely important that the effccts of the atmosphcre
(or smoke ohscurant) on the effectiveness of E-O sensors be clearly characterized in an analytical form
that permits relisble assessment through simulation of the actual E-0 sensor field perfermance.

Both natural and battlefield induced adverse atmospheric conditions Lmpose severe limitation; on the
performance and battleficld effectiveness of F-0 surveillance and weapons systems. Therc are limited
programs in the US and NATO which are addressing the effects of countermeasures ({M) smoke, natural atmos-
pheric dust, fog, haze, rain and snow on E-Q systems. These efforts which are beginning to provide the
information needed for quantitative answers to yuestions concerning natural and CM smoke atmosphaeric
{imitations shouid be strengthened and better coordinated. There is also a need for special emphasis in
the area of battlefield induced contaminants (BIC), since this area is not now being adequately addressed.
BIC rcfers to the incidental manmade battlefield aerosols that arise as & result of military activities
othar than deliberate employment of countermeasure smoke. Studies have shown that anthropogenic dust,
explosion debris, smoke from burning wreckaege and vegetation, and related materials can seriously impede
the use of E-0 systems. In some cases BIC and/or natural adverse weather can exceed CM smoke in ability
to disrupt the performance of E-0 weapons systems.

The Atmospheric Sciences Laboratory (ASl) has an ongoing atmospheric modeling program, supported by
laboratory and field measurements, aimed at characterizing and predicting the effects of battlefield
aerosols and zases on the effectiveness of L-0 sensors. Details of this program and an overview of a
supporting measurement work effort are described in this paper.

1. INTRODUCTION

The incorporation of electro-optical (E-0) sensors intc modern military equipment and weaponry has
revealed deficiencies in the capability to predict the effectiveness of such devices. These deficiencies
are greatest for low visibility conditions resulting from either adverse weather, the deployment of smoke
a5 & Scicening agont, or bortlefisld induced contaminants (RICY. Ry RIC we mean the incidental anthro-
pogenic battlefield gases and particles that are the naiural by-products of weapon firings and explosions
and other military activities other than deliberate employment of countermeasure smoke. It has been shown
that vehiculzr dust, explosion debris, smoke frcm burning wreckage and vegetation, and related materials
can seriously impede the use of -0 systems. In some cases the adverse weather or BIC can exceed counter-
measures smoke in ability to disrupt the performance of E-Q weapons systems. As such, in order to optimize
intelligent decisions concerning design, development, procurement, and tectical deployment of these systems
it is essential that all battlefield environmental limitatiors be adequately understood on a theoretical or
a sufficiently substantisted empirical basis.

The scientific community has much information about the natural atmospheric environment but not all
that it needs. In particular, the vertical characteristics of clouds and fog, etc., including liquid
water content, are not sufficiently known., Furthermore, the climatology data which exists does not have
sufficient vertical definition. Even so, enough is knowm to answcce many basic questions. For battlefield
envyironmental conditioens, however, there are some important unknowr areas that arise. The first real
difficulty lies in simply determining what a hattlefield seroscl really is. [t is not known with certainty
what materials (gases or particulates) will be present, which materials or uptical phenomena have the mos:
impact of E-O systems, or which contribute only minor effects in terms of general milltary operations. It
is known that the size distributiors of vehicla dust and high encrgy shell impact dus: will be much differ-
ent from those of known natural atmospheric dust. But no informstion is availeble on what new discributions
to expect, or the impact of such distributions on the performance of imaging systems, BIC will have a wide
renge of new materials prasent, particularly in the form of smoke from burning equipment and vegetation.
There is a potential for some surprising effects in the area, particularly as far as laser propagation is
concerned. Anthropogonic dust will have important optical propertiecs thai are dependent on goographic
locality (soil type, for example), season (soi! moisturc} and moteorulogical conditions. One of the most
pressing probliems in atmospheric optics today is to relate the aervosol effects on the battlefield to
measurable meteorclogical parameters. BIC may pose special problems in establishing these relationships.
It is not feasible to measure all of the potentially important combjnations of hattlefield acrosols and
measurable meteorological parameters. One must progress in a way that systematically samples some situ-
aticns and then extrapolates and interpolates the rest through a viable modeling program.

There are limited programs today in the US and NATO which are addressing the effects of countermeasure
smoke and natural adverse weather on E-Q systems. These efforts ere beginning to provide tho inforration
needed to give quantitative snswers to questions concorning naturel atmospheric and smoke screening
limitations. These efforts should be strengthened and better coordinated. In addition there is a need for
special emphasis in the area of battlefield environmental conditions since this azea is not now being
adequately addvessad. The problem cf assessing ths impact on E-O systems of battlefield gases and aervsols
whether naturally, u intentionally, or deliberately produced needs additional emphasi.. This paper
presents the modeling program of the US Army Avmospheric Sclences Laboratory (ASL) sad associated laboratory
and field measurement work designed to help provide this sdditional emphasis.

-——
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BACKGROUND

£-0 systems capabilitics are closely related to the mesoscale meteorological parameters. lHowever,
these mesoscale parameters (observables) for the most part are not directly applicable to I-C systems
performance drtermination (hence referred to as sccondary EOMET parameters), These data need to be
reduced to a meaningful form through the development of relationships between bulk mcteorological data
affecting L-0 systems performance and microscale atmospheric metecorological and uptical parameters used
directly in the modcling of atmospheric effects on E-O systems per{ormance determination, The micro-
scale optical and meteorological factors used directly in assessing the E-0 systems performance are
referred to collectively as primary EOMET. In many cases the mesoscale weather parameters can be
predicted (either in a probabilistic or deterministic sense) from local or regional weather observations.
However, rigorous cunnectives between secondary EOMET and primary FOMET have yet to be demonstrated.
Certain connections such as the relationship between molecular concentrations and molecular line absorption
arce well known and have been rigorously validated. Uowever, even here, differences of opinion exist as
how to incerporate most efficiently and accurately these results in simple modsling codes. For other
situations, such as aerosol haze and fog conditions frequently encountered in Western Europe, many
approaches have been suggested but none have been adequately validated.

In response 10 the requirements for a bettcr understanding of the atmospheric optical environment
oxpressed at the Office of the Director of Defense Research and Enguneering (ODDRE) Atmespheric Workshop
in Decembter 1976 [ODDREL, 1976] and by the Joint Depities €cr Laboratorics Committee's Night Vision Tech-
nalogy Panel, tue Tri-Service Atmospheric Optics Working Croup deveioped a strategy plan {US ARMY ERADCOM,
1977] for the development and validation of a library of algorithms and computer codes that describe the
atmospheric effects on E-O sensors. The computer modeling portion of this approach for the US Army is
already underway in the ASL in the effort entitled "Electro-Cptical Sensor Atmospheric Effects Library
(E-O SALL)", The objective of the ASL E-O SAEL program is the development and validation of an oper-
ational propagation code or library of codes for the accurate representation of the effects of atmospheric
aerosols/gases/BIC on the effectiveness of E-O sensors. These codes will accept secondary EQME1
(measurables) parmeters and produce information needed for the assessment of the effectiveness of E-O
sensor performance under projected battlefield environmental conditicns. This work is providing to the
Us and NATO the atmospheric effects description of the gas and aerosol limitations on E-0Q weapons systems
and identifying the knowledge and data deficiencies that prevent adequate modeling of E-O syscems
performance. The E-0O SAEL models naturally lead to field and laboratory experimental work required to
fill data base deficiencies,

The problem itself is extremely complex. It requires the sorting out of a large number of related
problems (composition and size distributions of aerosols, combustion products, gaseous components,
explosive debris, synergistic effects, gesographic variation, meteorological conditions, etc.). A strictly
empirical approach of performing field tests for all potential environmental and battlefield conditions
is, of course, impractical. Consequently, a balance between empirical and theoretical approaches is
considered in order. Field tests and laboratory studies will be particularly useful in developing
computerized atmospheric propagation models for E-0 systems applications.

Long-term field activity cannot be planned with high degree of detail because measurements needed
in one time frame are going to depend on what was learned just & few months earlier. However, ASL is
planning FY78-79 activities aimed at measuring particle size distribution and transmission effects of two
of the cbvious battlefield dust constituents: explosion debris and vehicular dust. Analysis of these
data will establish the need and extent of further measurements. As FY78 data becomes available
preliminary models wiil be consiructed (using data availabie from other sources as weil)}. These models
will then br tested in more general situations.

A variety of individual atmospheric effects models (elgorithms, computer codes or data sets) is in
existence and in use to some extent within the E-0 community., Major deficiencies have been identified
as currently existing in these models that seriously limit their applicability for E-O sensor performence
analysis. The most apparent shortcomings for the most widely used models are the following:

(1) The models have not been subjected to broad cxperimental Teviews to vatidate their applicabilities
for desired analysis tasks. In addition none addresses the question of the effect of BIC on the performance
of E-O systems.

(2) For the most pert, detailed sensitivity analyses to determine the sensitivity of input parametsrs
to output predictions have not been undertaken.

{3) The mest widely used model, i.e., LOWIRAN [SELBY, 1978] is currently used for both gaseous
absocption and natural aeroscl scattering propagation predictions. There currently exists serious concern
in the model user community as to the validity of the aeroscl portion uf the model for application to low
visibility atmospheric paths. On the other hand, the gaseous absorption portion of LOWIRAN for the visible
and infrared spectral regions appears sultable for current technology E-O sensors calculations. There is,
however, the question as to the validity of LOWTRAN gassous absorption calculations for the advanced FLIRs
where transmission well below 10% must be accurately predicted. In addition the spectral region is generally
ign. ‘ed above 30 micrometers, at least from a practiﬁal analysis standpoint, und the LOWTRAN procedure is
not valid for spectral resplutions finer than 20 cm*%.

The version of E-O SAEL which will address these deficiencies will consist of a library of
validated atmospheric optics models which can be used with confidence in predicting the stmospheric effects
on the performance of E-O systems fos Army missions throughout the world. The initial phase of this inves-
tigation (interim version of E-O SAEL) will focus on meteorclogical conditions and empirical relationships
which produce lowsr bounds on E-G system performance for missions in the European thester. Since the
systen limitations here are strongly related to serosol/smoke attenuation/obscuration, these phenomena
will receive primary emphasis. The final objective of this preliminary investigation to be concluded by
4QFY7Y s to provide the user with a single source library (interim E-O SAEL) which can provide an
appropriate validsted atmospheric optics model for his particular spplication. Later phases of the Lnves-
tigation will consider a wider rangs of theaters and optical effects.

.
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3, DESCRITTION OF BATTLEFIELD ATMOSPHERIC ENVIRONMENTAL EFFECTS ON E-O SYSTEMS

Ke shall now describe those measurements which a-e necessary for th - detemination of the initial innut
parameters for modeling the batt’efield atmospheric environmental effects on E-0 svstems. In all cases
where fe  ible the following climatology should be recorded: unconditional probabilities (frequency cf
OCCUTTE: percentages), conditional probabilitics (recurrence) and p:rsistency. Time scales should include
time perioés of an hour or less. The discussion will follow the {low chart given oy Figure i.

The sources of atmospheric obscuration can be placed into two categories: those arising from naturel
sources (netural weather) and those orising from man's interaction with the environment (anthropogenic
sources). Molecular absorption pher..uona for the natural weather category will not be discussed because,
for the mose. part, existeat moaels provide adequate ans<ers and hence require minima: mode! development.

3.1 Matural Sources of Chscuration

We shall distinguish between cases or relatively high visibility for E-O systems (V> 5 km) and cases
of relatively low visibility (V <5 km) in order to dcal separateiy with the problems of 'iglt haze and
generally bright skies on the one hand end very hauzy or foggy conditions on the other hand.
3.1.1 High Visibility

1f we consider gencrally sunny or bright days or clear nights with light haze und discrete clouds,
then it is necessary to develup so-called haze models, c¢loud models, and turbulence models.

(1) Haze Models

Models used for characterizing atmospheric haze need mudsurements of the spectral optical thickness
spectral optica?! depth versus altitude and the volume sca . tering and volumwe extinction coefficients. In

addition, one should also have estimates of the coaplex vefractive index or composition of the aerosols
and the particle number density distribution.

(2) Nurbulence leodels

Because tuibulence eddies exist in the utmwsphere, radiation dees not propagate along straight lines
but wander. along the path. This larpe-scele effact, along with the small-scale effects of ~c1nt11£at10n

and image distortion, necessivates the measuremcnr of the coeiiicieni uf tempeiature fluctuation { in
the atmospncre. 7These measurements should be performed as a functjon of time of day and gltitude f r g
various haze and cloud conditions.

(3) Cloud Models J

Clouds which are finite in size can alter the radistion field in the atmosphere. In addition, there
is some correlation between cloud tvpe and haze condivion., Measurements are needed to determine the
spectral optical thickness, water conient, size, altitude, tempcrature, and types of clecuds. A measure-
ment of these parameters will enable modeless to calculete the scattering and emission preperties of
clouds.

3.1.2 Low Visibiiity

For atmospheres of low visibility (V <5 km) more d. railed measurements are necessary because of the
greater numper of variabies and inhomugenieviies affeciing the optical sbscrvations, We can generally 4
sategorizc these atmospheres into two states: (1) stable weather, i.e., those conditions which are
characterized by steady-state conditions, and (2) unstable weather, i.¢., those conditions rcpresented !

by rapidly changing weather such as var.able wind and storms.
(1) Stuble Aeathnr

Stable weather can te divided into two classes: one which is characteristic o.” moist or humid
conditions and one which is representative of dry conditiens.

{a) Mcist '

Moist wearher .a. also be subdivided into two classes: prec. pitating and suspended. Precapitating
cunditions are represenced by rain, snw, slegt and hail and require transmission measurements as well
as weasuremsants of total rate, e.g., in grn/cm-sec along with size and tempersture of the porticles,
Suspended coaditions are 1eprescnted by fog, mist, and haze. For this case measurements arc nceded of the
speetral optical thickness, spectral opticai depth versus altitude, and volune scattering and volume
extinction coefficients, the single scattering phase function, the particle number density distribution
and the complex refractive index of the particles. In addition, it would be desirable to measure the
liquid water column density or mass column density. All of these measurements shou.d te made at various
aircitudes in order to obiuin 1. verrica, profile of each p.rameter.

(L) Dvy .

Dry weather can be characterized by the lack of water vapor and liquid waier in the atmosphere.
Reprousentative examples include dry haze, dust, and smoke. In order tuv mecel such conditions it is
necessary thet measurements be made of the spectral optical thickness and ali of the other parameters
which are measqred for the case of moist susponaed conditions with the exception of liquid weter coutent.
In addition, the temperature of the smokes siiculd be measured. '

—— _



(2) Unstablz Weather

Unstable weather can be characterized by rapidly changing condicions. Generally, moist and dry
conditions also exist here as in the stable weather conditions.

(a) Moist

Moist weather is represented by violent activity such as hurricanes, cyclones and blizzards.
General measurements include the size or extent of the storm, pressure variations and wind speed,

(b) Ory

Dry weather is represented by dust storms and dust davils. As in the moist condition, measurements
shoulu be made of the size or extent of the storm, pressure variations, and wind speed.

3.2 Authropogenic Sources of Dbscuration

We shall now censider sources c¢f atmospheric obscuration resulting from human intervention with the
environment. There are two classes of these sources: those arising from inadvertent modification of
the atmosphere and those arising from deliberate interaction with the envircnment.

3.2.1 Unintentional

In the category of unintentional sources of environmental modification we consider gases, particular-
and thermal gradients resulting from non-combat reiated anthropogenic sources (industries, cities, ctc.)
and BIC.

{l) Gases

Ex*raneous gases are often introduced into the atmosphere as a result of, for example, exhaust eaission
from vehicles, debris from explosions, snd combustion processes. The concentrations amd types of the
gasegus products should be measured.

(2) Particulates

Extranepus particulates are often introduced into the atmosphere a- a result of, for esample, buabs or
vombardmeni of iihe terrali, €atuidst ©i155icn, swmoke from firces, vehicular dust, and explocion dabris,
Measurements should he made of the speccral optical thickness of the medium, the volume scattering and
voluwe extinction coefficients, the compiex refractive index of the particaulates, and the size distribution

(to include number densities or mass concentrations).
(3) Thermal Gradients

Thermzl gradients arisec fyom populated areas as a result of space heating, industrial activity, and
venicles. Major sources of loval thermal gradients on the battlefield include burning vehicles, high
encrgy explosions, etc. This inadverteat hecating of the envircament can alter the optical propertie: of
the stmosphere. As a rezsult, it is necessary that one measurc the temperature and wind velocity as a
funiction of time in aress immediate to the sites ol interest.

3.2.2 Ceiiberate (Screens)

™ d mmses Ty
LA3TS ANG PATY T IU

counteraeasure tac.ics,
(1) Geses

Gases may be deliberately injacted into tho atmospheiic mediu-. Their type, concsntration, and
¢.spersive charact:: should be known or seasured.

(Z) Particulatas

Particulates (to include dust, foam, hubbles, ctc) may alsc ko deliberately injucted inte the atmos-
phere as & countermersu:re tactiic. This could be accoaplished by smoke munitions or intentiona. iom-
burdrent of the terrain. The refractive index, site distribution and conzentration of particul. tus
shculd Ye measured as val’ as the volume scattering an vslume extinction coefficients of the med um as
a function ot tine and jocstiea.

4, RELATION: 7 PS OF MEASUREMENTS TO bUDEL UNCERTAINTIES

The matrices shown in Figures 2 and 3 illustrate the close velationships butween the E-O SAEL critical
modeling uncertainties end sszociated meusurements. The laiter &4 each wairix position indicates the
priority & particuler mwmsurement is assigred for solving e psrticular mudeling pioblem. £, as a matrix
olemont indicates chat ol : ~entusesent is absolutely eientizl for the mrleling erfort. £, irdicatuvs »
messurement wnich 213 ¢ighly Jsstiable. U indicates usolu. types ©f detn, such as long-path spectral truns-
mission and path radiance, for exam-~le, whick provide visful sy~ Uy mafarmstion for asresut grouth
model verificaifon. Bilank spaces indicrie ths somrvress~t is o0 v aor value or arrelevaent foo sddiosuing
that particular auvdel urcortalnty.

Figure 2 shows the relevant modeling uncextsinties aud astocrrvcd measuresonis r24.ired for E-0
modeling of noturally occur~ing etmospheric attenuatici.. Althouzh the entries in th: sstrix irdd :a.e che
valae ot various noasuremesl tecuniyues thers are asny subtle corsideirticas which cannot be veprestines
this simnle format. For exampis, in order to model) tie aititude deprudente of aerosols the LIJAR cgn Se
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a valuable tool. However, LIDAR deta is presently difficult to interpret and answers only part of the

problem  On the other hand, balloon-borne poinru sampling measurements can provide valuable information on }
aerusol altitude dependence. However, this typc of measurement is difficul” logistically and relatively
slow in collecting data. The measurement techni;ies selucted cust also L2 consistent with the current !
mudeling status. For cxample, although models can be used to attack fundamen*al nroblems oi aerosol )
growth, the direct size distribution sampling is pr. erred. OCnce lcial aercsol growth models have been L
developed it may be more advantageous to use s LiDAK mensurcaeent 1o coilect large statistical samples of

aervsol spatial distributions. .

The relationships between the modeling and measuremcuts required for modelins BIC characterization
are illustrated in Figure 3. The problems here are somewhat differen: from those with tha naturally
occurring aerosole since BIC consists of a much more diverse range f waterials gonerated Ly multiple
point sources. Most serosols arising from natura’ ources are relatively homogenieous in contrast te
aerosols arising from anthropogenic sources which .-* loczlized and result in smoke or dust plumes
wiich have lurge spatial and temporal variationt. uxcause of this atmospheric miaxing, it is even .
difficult to obtain source mass release rates fo. such aervsols as battlefield smokes and vehicle dust
clouds. BIC modeling is in a very primitive state. Thus. the emphasis ir the near term shcilil probably
be to get quick results to bound the seriousness of vari.ts anthropogenic sources and guide detailcd
measurements and modeling. The BIC modeling im some <.s,” 2150 requires unique measuvement capabilities
as coapared to other conditions. In these cases, it may » desirable to utilize advanced rcmote measure-
ment techniques similar to those being developed for poiluti:n monitoring problems. These methods might
include the development of new mcasurcment techniques, such as molecular-sensitive LIDAR, or improved
analysis for current instrumentation, such as developrent of automatic analysis prograns for Fourier
Transtform Spectrometer (FTS) data.

5. CURRENT EFFORT

The ASL has an ongoing atmospheric etfects modeling and meds.areecty oo am, cstabl hed several
years ago, with general objectives to further develop the capability te nredict the offe. s of battle-
field environments on k-0 systess. Models have kbeen develcpea waisf addres: the atw-s;rieric effects of
absorption and scattering in a comprehenzive maaner requiriig as nput dsraited kowssdpe of the physical
and optical properties of the particular aeorosci/gas duta. These code- izproseni the <ral¢-of-the-art
in radiative transfer and atmospheric transmission modeling and cange in scone ¢ m Moote Zar'e multiple
scattering codes to specialized band wodeis for the treatmeunt of mo'suular absarptim oo sal - aerosoi
obscuration mcuels. The ASL can perform line-by-line spect:al Zuluulalions o' wulesulsr sbsornticn
utilizing lorentzian, Doppler, collisionalir-narrowed, S, oguncraliaed Yeigt lin- -0l ,e5 0 Resulis
have been puhilshed 1n these ami Giher arcas, sush 72 Te hioidsniay wvineis £0 ape Jv. walecular
system calculated from hasic semiquantal tneory and MLy LR NeL et FOr Laf won it el f;\ﬁ- Yineg
shape computation [GOMEZ, ec al., 1975; 1977, 1978; MOiUA Y. « wd., (9, 3277 00, €0 Wl , 1903
PIERLUISSI, et al., 3975, 1876, 1977, 1978). The fo¢i whot the Ali Yo ¢ ALZOLE ~OlmpiOWMENLLLY program in
the measurement and characterization of aercscl sn. wu-is o gbacvptass srucerties has aided the moueling
work considerably.

6. MODELING PROGRAM STRATLGY

Althougn the gathering and archiving of EOMET dati ¢ « it.emely j-mortant, it is not #r end in itself,
For one thing, observable meteorological parameters, far '-: s <! bart, are secondary TOMLT purameters
which are not directly applicable to F O svstem performance det:rminstiol.. 7Thesc data wred to be reduced
to a weaningful form through the de-elupment of relationships between bull observations aud primavy EOMET
parameters directly affeccing E-O sys-aw ncrformancs. The developrent of models to provide this link
between systems performance anc atmospheric obzcrvables is widely recpgaized by numercus groups as the
necessary key to succrssiul ciploitation of -0 ayste~. tachnology. Thix regnircaent has surtaced in
recomnenaations by Tri.Service Worsing Groaps such as tha E-C Sepsor Atmosaheric Optics sud Atmospheric
Propagation Working Goouje (U5 ARMY ERADCOM, 1977] as well as in the recinl CDDREE 3 < Remcte Ser . ‘ag t
of the Boundary Layer Workshops [ODDRGE, 1976, RUHNKE, 1917]. Models zlso provice reqe.-ements i accuracy
and resolution of ficld measuremerts and insure that measuremeuts are not willy-ailly bu. ectuasily contri-
bute to our phenomenclogical undeistzrding of the atmospheric effects on the perfismance 2.3 cftecLiveness
of the E-0 weapon or communication sy-tems.

The detailed input requiremeats o° the comprehensive research atmospheric radiative transfer models '
are rarely available irn a battlefield environment. Only secondary ECMET paraweters may be avaiiable.
Hence, current modeling and measciements efforts ac the ASL aim to develop methods to link these secondary
EQMLT parameters to E-O system performance. The success of these effor:is will ellow optimization of senser
deployment and tectics for various weather and battlefield environments in differant srenarios.

The approach is dependent on well-documented ciimatological date «'..ch is currently ¢rude or non-
existent. Time scqles in the order of three hour periods are unaccepta:ie it bariles egre wcn or lost
in an hour or less, With the available or near-term modern technology, this will probably be the case.
Hence, hetter climatology is wedod. Most of the currently avallable historicsl measurements do not
telate to specific E-O requirements. This needs to change. The current effort addresses these problems.

| The current program stra: 3gy &'so involves the devslopment of an interim E-0 Jtmospheric effects code
or codes based largely on measuremonts. Mea:uroments ave planned to allow 'brute force" methods to be
usad to provide adequate rosults within a reasonable times freme. Advanced versions of E-O SALL will be
dependent or the oore fruitful but higher 1isk technology of effectively parameterizing primary EOMLT
data to achieve the desired engirsering solutiun. 7This gpproach will run in parailel with the "brute
force" appraach. Hence, more fiold and laboratory measurements will be needed.

E-J SAEL codes will bo sogular, simple and understandable, adaptive, easy to comtrol, complete
in important matters, and easy to communicate with. They will bridge the gap bctween the specialist in
atmospheric optics and the operationai user of these techniqu~s. This is necessary if there is to be
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e constructive exchange of infornation between user and madeler, which is needed to meet the Army's
requirements in this area.

Since the modeling of the aerosol extinction is one of the highest priorities in the findings of the
recent ODDRGE Workshop [ODDREE, 1976), we need mecasurements of the spatial and temporal variantions of
aerosol propertics to include the explicit dependence of the acrosol on relative humidity and w.nd.
Current aeroso! models generally vary only the total numbor density, keeplng the shape of the particle
size disvributicn and its compositlion invariant with altitude [SHFTTLE, 1976}. This has to change because
in the real world all three quantities may vary. Hence, undci present plans, good surface level aerosol
mcasurements, as well as vertical profiles will be made.

Currently models arc being applied to determine the magnitude of error which can be tolerated for
each of the EOMET parameters. This sensitivity analysis will provide preliminsry guidelines for further
field work. Aside from the naiural aerosols such as fog and haze, the curront modeling effort addresses
white phospharus smoke. Other smokes will be addressed later. Ia particular, models arz being used to
determine the characteristics of the itmosphere which will be useful in predicting the effects of
variable atmospheres on the performance of E-O sensors under conditions of low visibility. The first
step in this procoss is cstablishing criteria for assessing and evaluaring algorithms as to their uritity
and accuracy for E-O SAEL. Having established the criteria which existing algorithms and codes must hove
in order to be incorporated intn the proposed k-0 SAEL, it will then be necessary to scquire ali models
which are available and exercise the compuier codes to such an exteny that their rangos of validity are
deiineated. The current spectrel region of interest is from the visible to 4mm vo includs the particular
lasers Nd, YAG, CO,, DF, HF, and GaAs. The spatial scale over whith the models should be valid is of the
order of 3 to S kifometcrs in the hLorizontal direction and below 5 km altitude and the stato of the
atmosphere should be characrerized generally hy & visibility less than 5 kilometers.

Decreased visibility is cuused by a variety of conditions: fog, dust, smoke, and hazes of different
kinds; and not all models can be expected to account for all of these conditions for the entire spectral
region considezed. It will therefore be necessary to identify the “gaps" which exist and are not covered
by cxisting models. Suggestions will then be made either to modify the current models or to develop
new models in order tu provide the capability which is needed for inclusion iate the L-0 SGAEL.

A conceptual illustration of how ¥-0 SAEL might be configured is shown in Figure 4. 7The executive
routine may consist of the codc that communicates inputs/outputs (I/0)} w.th the user as weli as control
the call-up and 1/0 flow of the subroutines.

7. CLOSING REMARKS

The ASL plan includes near-term and long-term activities aimed at understanding, quantifying, end
predicting the battlefield environmental effects on E-J systems. The naar-term work will include twc of
the obvious battlefield ccnstituents: explosion debris and vehicular dust. This work will provide the
beginning of som¢ of the answers to the medeling problens mentioned earlier, and sensitivitv analysis
caleulations made on the dats will establish the need and extent of further measuvemerts. As date become
avallable, preliminary models will be constructed hy using data available from various sources. It wil}
then be aecessary to test these models in situstions more representative of thes complex situation expected
undey Eu-opcan battiefield conditions. ‘urther work will be required to address the geographic dependent
probiers

Fierld measurements a1d model validation work will move from snecific field situations (such as fog)
Lusard moIc couplex case:.  The nesr-term goals are to: (1) develop and validate interim E-O SAEL, (2)
characterize the hittlnfield cavironment and identify the data gaps, (3) establish atmospheric character-
fzation srd transmissicn techuological dota bases with mobile measarement capeb!iities, and (4) establish
a limatulagical data znd modsl base. The long-term goals include: {i) doveiopment of advanced E-U SAELs,
(2} vaiidation of wodels, (3) development of advanced atmospheric sensors and remote ssnsiny techniques,
{a, .ublication ci m.nuals and handbooks in atmospheric optics, and (5} development nf & proLotype system
fuo tecticul use of -0 SALL. To do this, the ASL E-O atmospheric transmissior program divides inte four

waior efy: -, aach witii its own objective and approach as outlined bolow.
7 MAIM LTFORE: CLIMATOLOGY
7.1.8 Objestivas:

(1) To sequi.e, anulyze, store, icirieve, and disseminate information on primary and secondary
EGHMEY parameter: wiich constitute adverse atmospheric conditors for E-O systems.

(2) To deveiop probabilistic statistical climatology medels for adverse weacher and EOMET
perameters for us . <a design and eviluation of tacrical E-O systems.

(3) To ide tify data gdaps and model deficiencier, and initiate mesns to bridge these gaps and
corvect these drillencles,

(4} To pruvs.de a ccnsultaut service to internal and external useis.
7.1.2 Approuch:

(1) Survey repositories (personal, nationsl and international) climatoloyical data to datermine
the oxtent and avallability of thes data.

(2) Categorizs the data actording to the advsrse vffects on the operation of the dominant tacticaul
E-O systenms.

(3) Develop a asta and model base for the freyuency of occurrence and the recurvence probability

for ginosuhopic sondivions ;glntsg Lo models of the atmospheric aejosol,
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(4) Cowputerize the data hank,

(5) Tdentify data gaps ard model deficiencies and implement action to correct these problems
through in-house, contracl, or grant research.

(6) Provide information summaries to botn internal and external usecrs.
7.2 MAJOR EFIFORT: MODELING
7.2.1 Ohjectives:

(3) To devciop the capability of predicting atmespheric transmission under battlefield conditions
within the spoctral reglon from tue visible to the millimeter as a function of user or research input
eclements (c.g., wavelengtl, temperature, pressure, visibility, atmospheric path, etc.).

(2) To model the atmospheric aerosol and gases to include BIC to provide input to trgasmission
and radiative transfer models.

{3) Address other modeling recuirements such as turbulence, smoke obscuration, and transport
and diffision models.

7.2.2 Approach:
(1) FEstablish an inicial predictive capability to provide transmission, transport and diffusion,
radiation trensfer, smoke obscuration, und turbulence prcdictions based on a stsgte-of -the-art assemblage

of information and existent models.

(2) Rased on prototype transmission and *adiative t-ensfer models, initiate model iwmprovements
to address adverse weather, countermcasure smokes, and 3IC.

(3) To reiate user input elements (measurables) to those required by the analytical transmission,
turbulence, smoke obscuration, transport and diffusion, and radiative transfer modzls.

(4) Develop and taiior the aerosvl and gaseous models %o provaide the input inforration required
by transmissioa, smoke obscuration, and radiative transfer models fur realistic battlefield envirouments.

(5) Determine the mirimun measurement requirements for a rcalistic user model [minimum set of
measurables).

(6) Acquire and xercise turhulence and transport and diffusion mcdels for addresring the smoke
obscuration problem.

(7) Evaluute and validave the models by utilazing lsboratory and field studies.

7.3 MAJOR EFFORT: LABORATORY MEASUREMENTS

7.3.1 Qbjectives:

(1Y To measure, under controlled laboratory conditions, those characterisvics of the battlefield
gases and particles which affect the propagation of EM energy (in the spectral region frow visible to
millimeter wavelsngths).

\2)  To mcasurc, under contre
spectral region from 0.3 to 4000 »
found i battlafizld envivonments

iong, the intersc tion of EM enarzy (in the

aboiaror it o
abovatory i e
moters) wltn vnxinus types of the atmospheric aercsuls and gases

- -

7.3.2 Approach:

(1) Specify thosc grseous and particulate components of the atmosphere and BIC which significaently
affect the propagation ol kM energ) .

(2} Measure the significant spectral, pbysical and/or chemical properties of sumples of these
gasos and particuigtes specified under (1) for wavelengths from visible to =illimeter.

(3) Measure the interaction of EM energy with vi “ious nawural and anthropogenic gas- at low,
modium and ultxabigh spectral resolution.

(4) Extend gas and particle sampling to a global scale,
(5) Develop or modify equipment as dictated by program needs.

7.4 MAJCR LFFORT: FIELD MEASUREMENTS

7.¢.1 Objectd . es;

(1) T measure the spatial and temporel distributlon of the aimespheric vercsols and gases over a
variety of moteorologicel ead yrographical conditions.

(2) To establish sobile capability for meamuring the effect of the atmospheric medium (includirg
B12) on the propagation of energy in the spectrul range fiom 0.3 to 4000 aicrometers.

(33 To msasury the atmospheric transmis.ion and scatturing effects associated with selected EM
dovices under 8 varlety of metporclogica. conditions for natuval and projected battlefield situatioms.

(RSN
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7.4.2 Approach:

(1) Establish mobile computer-centered systems for measuring the temporal and spatial variabilities
of projected battlefield environments.

(2) Establish a measurement capability to: (1) test model and laboratory predictions of EM
interaction with the atmospheric medium (including battlefield conditions), (2) evaluate the performance
of a given EM device, and (3) make in situ propagation measurements for specific applications.

(3) Make measurements at a variety of lccatiors (continental, coastal, oceanic, and high and low
latitude).

(4) Initiate a program for the development and utilizaticn of LIPAR end other remote sensors for
the measurements of the atmospheric, natural and battlefield aerosols.
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FIGURE 1: C(Caiegcries of battlefield environiertal eftects on electro-uptical systems.
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DISCUSSION

N.G.Gerson, US
Under battlefield conditions a greal number of particics or acrosols are injected into the atmosphere. These can
cause both attenuation of the signal and a rise in the background (scattered) noise leve!. To what extent will this
condition degrade optical systems by decreasing ratio of signal/noise.

Author'’s Reply
The extent of the signal/noise degradation under baitleficld conditions depends upon many factors such as the types
and concentrations of the aerosols (or smokes), sky illumination, viewing angle, sensitivity, field of view (FQV), and
spectral response of the seasor. It depends on whether you are using an active system (laser) or a passive system
(FLIR) and possibly even the {ype of w=ather and terrain around you. We are currently investigating at the
Atmospheric Science Laboratory the answers to thesc questions using an obscuration model named ASLSOM.
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INTERPRETATION OF AIRBORNL MEASUREMLNTS OF ATMOSPHERIC EXTINCTION AND
IRRADIATING FLUXES IN GERMANY AND THE NETHERLANDS

H. von Redwitz
G.H. Ruppersberg
R. Schellhase

J. Weidner

DEUTSCHE FORSCHUNGS- UND VERSUCHSANSTALT FOR LUFT- UND RAUMFAHRT E.V,

DFVLR - Institut fir Physik der Atmosphire
8031 Oberpfaf{fenhofen / Germany

ABSTRACT

Atmospheric contrast transmittance is dependend on the atmospheric extinction
and the irradiating fluxes, and is scverely influenced by weath-r conditions.

In addition to the corresponding research in the OPAQUE project, the DFVLR
carries out airborne measurements in the region between nerthern Germany, the Netherlands
and southern Germany. The optical equipment is simpler than the instrumentation used in
the C-130 of the AFGL. But measuring flights are performed during a 2-years period at
different times of the day for one week each month. The main attention therefore is set
to interpretations, in one hand standing in relation as close as possible to visibility
problems in practice, and in the other hand allowing to bhe classified by meteorclogical
routine-parameters. Beside beam transmittance and path reflectance, the slant meteorolo-
gical visibility range and in relation the slant detection range for vis;hility air-to-
ground and ground-to-air seem to meet with this request under the prescribed conditions,

as is shown in examples.
1. INTRODUCTION

buring the NATO-project "OPAQUL" (Optical Atmospheric Quantities jn Europe)
{BAKKER), the DIVLR Instirute €or Atmospheric Physics connects the OPAQUE ground stations
in southern Germany, the Netherlands and northein Germany every month by means of a
series of measurement flights. As our measuring aircraft is much smaller than that oi
the A¥GL, we can, of course, only measure a limited number of parameters. The large num-
ber of measuring flights as well as the extension of the area we have to overfly, allows
and at the same time requires a classification according to meteorological points of view
which have to be developped together with the Amt flir Wehrgeophysik (Department for Mili-
tary Geophysics). The evaluation refers to the comprehensive research work of the AFGL
(DUNTLEY, JOHMNSON and GORDON). In order to find out appropriate marks of classification,
as far as they are not yet known, cases of practical interest are simulated by means of
a calculating programme. A further extension of the programme will also deal with the in-

fluence of different c¢loud forms.

2. MEASURING PROGRAM

The propeller ajrcraft BE 65 serves for the measuring purposes, having a ceilin
of 15.000 ft. The OPAQUE measuring flights are usually flown without ox;gen in altitudesg
of 10.000 ft. The average specd is 150 kts, the rate of climb respectively of vertical
descent during the measuring flights is approximetely 80C - 1000 ft per minute.

Every month, for a week's time, day after day the northern and southern rcute
are flown star;xng.frum the base airport Cologne. The northern route {cruising altitude
10.000 ft) begins in the early hours of the morning, if possible before the formation
of thermal convection, with take-off at Cologne, leading over Wildenrath (low go), Ypen-
bgrg (low go near the OPAQUE measuring station) to Bremen, this being the appropriate
airport situated nearest to the OPAQUE measuring station in Meppen. In the afternoon
flying back to quogne is done in opposite direction. Like the rorthern route, the sou-
thern one (cruising altitude Y.000 ft)begins in the early hours of the day before the
formation of thermal couvection with take-off at Cologne, then leads - at IFR - over

Stuttgart (low ﬁo) to Oocrpfaffenhofen, and in che efternoon, vice versa, back to Cologne.

In casc of VFR the low go will be effected right next to the OPAQUE ground station Birkhot
instead of Stuttgart.

. The wish, however, to effect the morning flights before the formation of thermal
convection is contradictory to rthe demand that irradiance should not change too much. As
a compromise between these requirements and the technical reasons of the airport the
following flight times will be observed:
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Dec. Jan./Nov. Febr./0ct. March/Sept. Apr./Aug.
9.00 - 12.00 8.30 - 11.30 8§.C0 - 11,00 7.30 - 10.30 7.00 - 10.00
12.3C - 15.30 13.00 - 16.00 13.30 - 16,30 14.00 - 17.00 14.00 -~ 17.00
May/July June
6.3C - 9.30 6.00 - 9.00
14.00 - 17.00 14.00 - 17.00

In addition to this program measuring flights werc effected togeither with the
C-130 of AFGL (DUNTLEY et al. 1977) and during the measuring campaigns of our Visibility
Group (HOFFMANN) at Meppen and Eckernfdrde.

The ogtical measuring equipment is installed in a temperature-stabalized nose
container of the BE 65 ({ig. 1). It consists of a photometer system, two pyrancmeters and
a backscatter sonde. The photometer system comprises 6 single photogeters, 4 of which

are periodically deflected all 2 s for one second by an angle of 15  to mark inhomogenei-
ties of the radiance in the sky (the sun e.g). Measuring is dcne at wavelengths of 400,um,
resp. 550,um resp. 900,um with a halfwidth of approximately 50,um., The logarithms of rhe
measured éuantities aré taken and are once a second transferreé on tape.

Seen in flight direction, the photometers are mounted as follows (fig. 2):

photometer 1, view to the left; visual angle 50° normal to flight direction; 16.5O in
flight direction

photometer 2, upwards; 127.5o normal to flight direction; :6.50 to flight direction

photometer 3, forward; 39 above horizon (in normal straight flight at constant aliitude);
visual angle +27.59 horizontal; +6.59 vertical; periodically deflected up-
ward by 150.

photometer 4, view to the right; visual angle 55° normal to theoflight direction; :6.50
in flight direction; periodically deflected by 15% in flight direction.

photometer 5, upwards; cos-characteristic with an aperture of 160°,
&, downua HIE

Thus in the sky photometers 1, 2, 4 together have anh angle of view of 165°. Their
angle as well as that of photomers 5 and 6 was chosen smaller than 180° so that flying
motions do¢ not disturb the measurements signals with regard to say and ground.

pyranometer 1, upward view; cos-characteristic with an aperture of 160°
pyrancmeter 2, downward view, cos-characteristic with an aperture of 160°

The backscatter sonde views vertically upwards. It measures once per second - at
a wavelength of 550,um - the radiation of a Xenon-flash lamp backscattered by the air
mclecules and the aerosol particles. Approximately 97% of tge radiation received are ori-
ginating - in a homogeneous atmosphere - from a scattering volume extending between about
0.2 m and 10 m in front of the instrument. Due to aum electronic gate, signals from strong
reflectors (clouds) being farther away than 300 m can no longer bhe received.

For the extrapolation of the spectral course into thc IR-range, thc measurements
taken by the OPAQUE ground stations have to be used.

In addition to this time, static pressure, speed, static temperature, relative

humidity, attitude and heading of the aircraft are recorded. Fhotus gre taken of the respec-
tive cover of clouds. The tape recording contains 384 bit/s =~ 1.4-70Y bit/h.

4. LCQUISITION OF MEASUREMENTS

The measurements recorded on tape are converted into physical vaiues with the
Amdahl 470 V/6 computer of DFVLR using a special program. Deta of each flight sre clearly
plotted. Fig. 3 e.g. shows the plot of 9/2/77. The various measurements are¢ plotred to-
gether with the a¥reed dimension depending on the flight time. In the following some data
referring to the flight are given: Take-off Cologne at 9.00 GMT; 8.2C Koblenz; suany,
partialiy slightly covered, fog in the valleys; 8.30 Bingen loop, increasing stralus under
and over aircraft; 8.40 Worms; 9.00 Suebian Alp; scattered rests of snow, stratus becoming
dark grey, increasing sunny looks through to the ground; 9,05 alteration of heading with
approach to Stuttgart, fog in the valleys, visibility 100 m. The backscatter shows very
well the diving into the layer of haze as well as the thermal varijation, i.e. {irst in-
crease ¢f temperature, then fall of temperature at low altitude. At 9.23 "low go" Stutt-
gart; 9.52 Augsburg, now partly in clouds (sve backscatter), strato-cumulus, heavily
covered; 10.06 landing at Oberpfaffenhofen. The temperature at take-off was 2 9C, visi-
bility 4.5 km, sky half-covered. The sun being south-east, near the horizon (Azimuth l27°,
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clevation 9.50) photometer 3 measures direct irradiance of the sun after the aircraft
had hcaded for 127°%. According to extraterrestrial irradiance at wavelengths of 0.4 ,um;
0.5,um and 0.9, um and measuring at an altitude of £500 m and a sun elevation of y.59,
follows, c¢.g. 2 transmittance of v, = 0.62; 1, = 0.77 and 14 ® 0.99 related to the rcla-
tive air mass '. The regular transmittance aléne comes up to U 0.59; T, - 0.74; 1y "
0.497 (green-prple blue horizon).

From 8.05 o'clock the curve of photometer 3 appears strongly spread, the fglding
mirror makes the photometer, by turns, view to the sun, respectively to the sky 15° above
it. The irradiances vary up to factor 5. Hence regular transmittance can be computed. To-
gether with the measuremcnts of photometers 1 to 4 which additicnally record the different
spots of the sky at variable flying attitudes, it is possible to draw conclusion: on the
scattering function. It van, however, be disturbed by multiple scattering and probably
also by ¢louds. The Albedo depending on the altitude is resulting from thuse values mea-
sured by photometers and pyranometers in the upper and lower halfspace. Disturbances may
arise from shadowing clouds or reflecting ground.

S. INTERPRETATION

The processed data thus furnish, besides the horizontal variability of the single
measurements, the extinction coefficient o (z) as the function of altitude above sea level
as well as the irradiances produced by the® sun and the different spots of the sky at the
measuring point. Horizontal homogeneity is assumed for q, (z) when evaluating it. Areas
having horizontally different o,(z) ave treated as separate ones. Visibility from such an
area into a neighbouring one is of practical interest only in special cases which are dealt
with separately. It is, however, taken into consideration on evaluating the data that ir-
radiances can 3trongly vary horizontally under the influence of clouds laying over the
sight path. All measurements are valid for a special wavelength, even if not explicitly
mentioned in thc text or in the formulae.

It is reasonable to use KOSCHMIEDER's horizontal meteorological visibility® in-
stead of the extinciton coefficient, as it is directly comparable tc visibility found
out by way of routine by all meteorological service stations.

3.9 3.0
) % (B g tay "t vt

V, is relative to 2%, V. to 5% threshold of contrast. They are equivalent to the distances
bl tween target and obsefver having 2% respectively 5% regular transmittance. The meteoro-
logical visibility (Vy or Vg) ncrmally refers to a 0.55,um wavelength (RUPPERSBERG) and
the layer near the ground. iccording to equation (1) it is, however, possible and in praxi
common usage to convey this term to ocher wavelengths (HOEHN) and other altitudes.

Apalogous to the horizontal one there can also be defined a slant meteorological
visibility Vyg respectively Vsg. According to a suggestion of J. WEISS (also FOITZIK 1960)
1t is the projection of the siant sight path having 2% respectively 5% regular traasmit-
tance (or as defined by DUNTLEY et al.: beam transmittance? upon the (horizontal) grouad
(fig.4). If observing conditions at this beam transmittance still admit a detection of
objects on the ground, also an observer from the altitude z,, (fig. 4) can overlook an
area {on the ground) with a radius Vg, resp. Vsg. The slant meteorolegical visipility
apparently has tue advantage of grcag distinctness and is, as we will see, particularly
appropriate for a classification.

Vy(0) be the (horizontal) meteorclogical visibility on the ground, Vg(z) be that
in the altitude 2z ahove ground and z,, be the observer's altitude. Hence follows for the
slant meteorological visibility:

1 1
v ~1
(2) NS (Fob) . —Zob 206" Y (0) 2
v, (0) Yy, (0) WO e
/ W& V(0

o

*Footnote: In Cermany the term “Normsichtweite' proposed by FGITZIK in 1947 (DIN 5037)
has generally become used as denomination of this value. In English literature nowadays
obviously "meteorological visibility' is preferred besides the term "meteorological range'
which was defined by DUNTLEY in 1948 and taken over by MIDDLETON. The terms ''standdrd
visibility", "standard visual range', "visual rvange' or simply "visibility" are used as
well. The term "meteorological opticel range' proposed by the WMO for the 5% beam trans-
mittance is closely rciated to it, but is defined slightly different.
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The same equation is valid for Vsg, however, with the index "5" instead of "N".

Fig. 5 shows the course of the slant metecrological visibility as a function of
the observing alvitude for the following status: On the ground there is a fog iayer with
300 m meteorological visibility reaching up to an altitude of 90 m (curve 1), resp. 180 m
(curve 2) or 27C m (curve 3). Above this, up to the upper horder of the boundary layer
in an altitude of 1440 m, there is a meteorological visibility of 10 km. After « jump to
50 km the meteorological visibility steadily increases together with the altitude in the
free atmosphere above 1440 m. Whereas an observer on the ground can, at best, detect ob-
jects within a herizontal radius of 300 m, an observer e.g. sitting in a helicopter
flying at an altitude of 300 m, can overlook an area of Vyc resp. Voo = 873 m radius,
supposed the observing conditions admit a detection up to 51 resp. §§ beam tansmittance
(see curve 1). The radius would be 1598 m from a flying altitude of 600 m, and 5880 m
from a flying altitude of 3000 m. At a fog altitude of 180 m (curve 2) the area to be
overlooked from 300 m (bOC m; 3000 m) shriaks to 20l m (720 m;2660 m) radius. At a fog
altitude of 270 m (curve 3) the area to be overlooked from all the flying altitudes is
smaller than that to be seen from the ground. From flight altitudes of more than 1270 m
the grouna is no longer visible.

Recause of the already known spectral neutrality of fog these values are not
only valid in the visible spectral range. Beyond the absorption bands they are most pro-
bably valid - by appruximation from UV to the far IR - only at 10.5 to 11.5,um with signi-
ficant deviations (RUPPERSBERG, SCHELLHASE, SCHUSTER).

In equation z the different meteorological visibilities and altitudes appear in
relation tu the meteorological visibility on the ground, i.e. Vy(o) resp. Vs(o). The same,
therefore, is valid for the result: at half the meteorclogical visibility on the ground,
i.e. 150 m, all other numerical values of the abcve example are halved. Hence the obser-
ver in the helicopter at 150 m altitude has 437 m of slant meteorological visibility it
there is a fog layer of a density of 45 below him, etc. For the classification of the
slant meteorolcgical visibility it is only required to know - apart from the horizontal
meteorological visibility on the ground - the relative course of the extinction, which
is very favourable as a property.

Analogous to the horizontal meteorological visibility the slant metecrological
visibility is likely io be the upper limit for the detection range of (cool) black ohjects.
The contrast transmittance ¢tv. of the turbid atmosphere in all observations not having
the horizontal sky as background is, indeed, net equal to the regular transmittance {beam
transmittance) r,.. On the contrary, in these observations the ratio (L / ,L_ enters out

. r o b0 b r
of inherent and apparent background vadiance:

cTr{Zop, 0y, @)=

@ bto (21.6,.9)

er ( zob. 6‘, )

c'r (Zop, 6,,@) = Tr(Z4p, 8y)

Cy is the apparent contrast, C, the inherent contrast. Fig. 6 shows the observation coor-
dinates which have heen taken over from DUNTLEY et al. (1957), as well as the respective
terms. In the meantime, only some of the signs were adapted to CIE-standards which are
customarily used.

A target having the inherent contrast C, against its surroundings is thus detec-
table up to the distances r in which the apparent contrast C, = ¢¥r C, has sunk down to
the contrast threshold value.

From equation (3) follows, with the path radiance Lf = bl - tr bl

cTr (Zgp,6y,@,) =
14) +
Lr ¢ zgh.al .‘9%)

1+
T ( Zop, ot) bLo(z‘,t)‘, “’t)
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The path radiance L; is the result of the luminance of the sight path:

+* ( )=
Le $2Z0b. 6.9

Zob ‘
{5) =z{z GS(Z)T(Z'G‘){ﬁ(Z’“’SU)SuE(z'Bsu'¢su)’
-t w X
! , sin 8 a8 dqp dz
!éf Az, ) Lz e )sing, e ek Zos b,
%k sk

Apart from equation (4)and some other software it is the contents of the main
procedure ({ig. 7). By means of an ¢~ and an E-program the scattering coef£1c1ents<¥(z),
transmittances 1(z,0.), radiance of the sky ¢, L(z,04,%sy) and irradiance trom the sun

WE(2,05y,¢g )extracted from the measuring data are given in. The type of the scattering
finction 8'(2,psy) has to be given in - as far as it doesn't result from the measurements
(see par., 2) - on the basis of assumptions. Also, L, values characteristic for the ob-
servation problem to be detected are given in. The main procedure then furnishes - apart
from those data also given out by DUNTLEY et al. (1977) - the slant detection ranges
Vg(25p,0¢,%¢) characteristic for this very observation problem. Analogous to the slant
meteorological visibility (fig. 4), the slant detection range is the projection of the
sight path under which a detection is still possible upon the (horizontal) ground.

Fig.8 (curve 2) shows slant detection i1ange from 720 m altitude dependent on the Azimuth
difference against the sun, i,c.the area on the ground which can be overlooked by an
observer from this altitude. To simplify the matte:r, in this example it is assumed that
objects up to 5% contrast transmittance are still detectable. The turgidity laygrcorres-
ponds to the above mentioned example (fip.5). The sun elevation is 30° ( _  =607), the
angular dcpendency of the luminous density of the sky which is dependant 8% z has not
yet been considered, the ground reflectance is 0.2 (meadow)

The slant visibility from 720 m altitude (curve 2) is smaller than the slant
meteorological visibility (curve 1) but stil) larger than the horizontal meteorological
visibility V¢(0) = 300 m on the ground. Towards the sun the s;lant visibility is smallest
and having tge sun slantly in the back one looks farthest.

Curve 3 shows the range an observer can overlook from the ground, all the other
conditions being the same, as per the level of a helikopter. Apart from the absolute
values, this difference is iikely to be an interesting parameter for the reconnaissance
models. We hope to bc able to indicate it if there is an appropriate meteorological
optical classification with a sufficiently small scattering range. However, in the
example mentioned tne inherent contrast has not yet been considered at all. It can change
the range considerably. Thereforeit is a special object of research of our Visibility
Group (Hotitmann). We are going to include their results i our further evaluation.

6. CONCLUSIONS

The slant meteorologicas visibility is an appropriate parameter for the indispen-
sable classification of the amount of data which have been measured, For this procedure
it is nccessary to fit in firstly the ground visilility which is routinely recorded by
meteorological services, secondly the relative vertical profile of the extinction coeffi-

cient which is in close correlation with the temperature profile uf the existing air mass.

In addition, the slant meteorological visibility can be taken as the upper limit for the
slant detection range of usually interesting visual targets; the detection range of very
bright targets may be increased by only a small gertionm.

_ Moreover, starting points for the classification of the impact of the irradiance
still must be developped. For this purpose several parameters of practicel interest, e.g.
the relation visibility air-to-ground / visibility ground-to-eir, are simulated by a
computer under variahle conditiuns Jhose atmospheric optical parameters which are highly
§{§gct1ng the result then are classificated together with the slant meteorological visi-

ility.
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The ARGL C-130 "Hercules' and the DFVLR BE 65 "Queen Arr" after a side by

side measurcment at Wunstorf

Optical measuring cquipment installed in the nose container of the BE 65
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DISCUSSION

L.F.Drummeter, US
I it more common to use 2% or 5% as the contrast threshoid for detection?

Author's Reply
The answer to this question depends on the measurement of contrast thresholds of human eyes (Blackwet,,
Middicton, ct al.). In former times a contrast threshold of 2% was in use,

For military use, the 5% contrast threshold for detection is more common.
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THE INFLUENCE OF METEOROLQGICAL PARAMETERS ON ATMOSPHERIC
TRANIMISSION AT 10.6 um ( CO2 - LASER RADIATION )} AND 0.65 um
(HeNe-LASER RADIATION) FROM MEASUREMENTS AND CALCULATIONS

J.Abele, H.Raidt, W, Jessen, R.Kirschmer
Forschungsinstitut f3, Optik der FGAN
Schloss Kressbach, D-7400 Tubingen, F.R, Germany
Repart 1978 / 6

SUMMARY

This paper presents an experimental ond theoratical study on atmospheric transmission of HeNe and COZ-Icur radiation and
in the photopic ronge. A continuously operating transmissomater designed and developed in tha institute measured the atten-

uation of the two wavelengths simultaneously and over a common path length,

Besides the laser traasmissometer measurements in the photopic ronge were parformed by commercial visibility meters, Results
are compared with semiempirical formula, with deductions from Mie theory ond with a model describing tronsmission through

rain,

1. INTRODUCTION

Atmospheric tronsmission of iaser beams s importont for several military and civilion applications, e.g. optical
telacummunicaiion engineering, modulation systers, anemometry,lidor systems, ronge finders, pointers and laser weapon
systems. Tne operorional usefulness of all these systems will be detarmined by the characteristics of the aimaosphers through
which the loser radiorion raust pass. Therefore further theoretical and experimental research on atmospheric absorption and
scattering by molecules, aerosols, cloud and rain draplets ond smowflokes is necessary tc improve the mathematical descrip-

tion of atmospheric iaser rodiation transmission.

The prime objective of this study Is to report on the comparative measurement of otmospheric ottenuvation of COZ-
ond HeNe-laser radiation ond in the photopic range under a variety of meteorological conditions. Simple correlotions with
meteorclogical parometers will perhaps enable the performance thot lmer attenuation con be predicted if meteorological

records are gvailable. In this study o practical ond o theoretical approach to the problem has been mads.

2, EXPERIMENTAL SET-UP

2,1 LASERTRANSMISSOMETER AND VISIBILITY METERS

A schame of the optical layout ot the lasar transmissomater Is shown In Fig. 1, Besides a (.'02- lwer a HeMNa- laser
is Installed. The rodiation of the two lasers is collimated by means of a small CdTe plate, This plate Is a window for the
COZ-Iour beam, whereas for the HeNe-laser beam it servec as a portial reflectcr. By meons of a ZnSe baam splitter the
two laser beams cre separated into o refarence and o measuring baam. A Camsegrainion-System sends the beams through the
atmotphere. The primary mirror Is on off-axis parobolic one, the second .. o spherical one. At the end of the measuring
range (distance 160 m) the lawa: beams are reflacted by u retroreflector, Before reaching tha detectors the beans are sepora-
ted by on additional CdTo plote. The seference beom serves as o control for the laser powar. For controlling the line stabill~

ty of the COZ-Iaur a spectrum analyzer 1s used; therefors o further CdTe plote which serves as o partiol reflector Is mounted,

The COz-Iaur rodiation is detected by o pyroelectric detactor, the HeNe-lasor radiation by a silicon detector. The measuring

and the referenca baom are choppod with 18 and 70 cycles resp. The slectronic signal processing is performed by means of

-

——ha e e
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phase sensitive rectifiers {lock=In technique).

The tronsmisslon In the photogic range was measured with o transmissometer (ELTRO) ond a "Videograph” (Impuls-
physik), The ELTRO iransmissomater belongs to the double-ended devices. The instrumant oparatas on hvo base lengths
(LI=x 2x 15m; L2= 2 x 150 m) and meatures tronsmittance T due to totul atmospheric extinction a'ong the optical path, Tha
source of the davice consists of a tungstan filomeni lamp, the recelver has a photopic response. To obtain optimal accuracy

an automatic switching between the two basa lengths Is installed.

The "Videograph” belongs to the category of backscatter instruments and does therefore not require an extended
baselength, It consists of a projector and u recelver in the zame housing. The receiver meosures the light scattered back
from a certain volume of the atmosphere illuminated by the outgoing beam, Therefore scattering from angles between
177° and 179° is recorded. As a light source serves a high powered xenon spark lamp. The spectrum of the lamp contalns
practically no IR and lies in the blue-white region.

[ &
n

METEOROLOGICAL SET-UP

Alr tamperature was measuved by means of a stondord bimetallic tharmometer. As humidity measuring
device seived o clossical hair hygrometar, Since the accuracy of hair hygrometeris about 5% future measurements will he
performed by alectrically ventilated cspiration paychrometers to achleve higher accuracy. To measure the precipitation rate
a conmercial raln gouge wn. Installed at the range. A cup onemomatar combined with a wind vane was installed about two
meters abave the ground. Finally, the embient carbon dioxide concentration was mecsured by a URAS 2T gus onalyzer

{Hartmann & Braun).

2.3 AEROSOL SET-UP

Aerosol spectra wers measured by a Royco particle counter, Model 225 and ¢ device of Particle Measu-
ring Systems, Model ASAS-300 B. Table 1 thows some detolls of the cerosol measuring equipment.

Table 1:  Some detalls of the cerosol measuring set~up

-
Royco PMS
characteriztics Madel 225 Modll ASAS-300 8
meaturing principle light scottering Iught lcoﬂorlng
light source Incandescenr lamp HeNe-loser TEMOO mode T
~ sampling area 0.5 mm? 0.018 mm?
sampling flow rate 47 . 201 4,72 cma/uc 0.12 cms/uc
meaiuring range channel 1:0.4-0.6 ym range 1: 0,15 -0.30 ym,0.01 channel width
" 2:0,6-1.4 © " 2:0.23 - 060.#"0025 " "
" 3:1.4-3,0 " " 3:0.40 -1,00 ",0.04 " "
" 4:3.0-50 " " 4:0,60-3.00 "0,16 " "
[ sgs'o_L..Mn
sizing accurocy stoted size, ¥ 5% RMS size ercors:
(as stated by the monu- based on pulse hight * 0%
facturer) measurements

<



3. THEORY

3 DESCRIPTION GF MONQOCHROMATIC TRANSMITTANCE AT 0,463 AND 10.4 MICRONS
In general tha monochromatic transmittance LY of radiation clong an atmospheric path s defined os follows:

T, T exp. (-'ykL ), M

where ¥ A is the extinction coefficient and L ist the path length traversed by the radialion. The exponent in equation (1)

N L is deroted as the optical thickness t. After[1] equation (1) is valid if the relation t 3 14 holds. The extinction coafti-
clant 7y is given by

= + (2
Yy 7>"m Yy, o (2

where ¥ N is the extinction coeffirient by molecules. wherem)/x c means axtinction by osrosols. Both extinction coeffi-
m

13 ’

cients are composed of both scattering and chsorption, With regard to CO _-laser radiation absorption by woter vapour and

2
carbon dioxide molecules has to be considered. Because o their smuller concentration aobsorption of other molecules can be

naglacted (e.g. CO, NZO' CH ). Finally extinction of asrosols is very essential. Therefore, atmospheric extinction of

4
CC“-hur radiation y 10.6 €O opproximately bo written o3 follows:

Y10.6 = km (H2O) + km (C02) +y (3)

where km (HZO) and km (CO2) denote absorption by woter vapour and carbon dioxide. ¥, means extinction caused by

aerosols.

In case of fog (visibility = 1 ke and pracipitation extinction by fog droplets (7F) ond rain drops (y ) be-

comas dominant, so extinction by molecules can In generally ba neglected [ 2, 3 J. Thus equation (3) con be rewritten in

, 0.6~ Y M0.6 ™ Y @

The propogation of HeNe-laser radiation is detsrmined by extinction owing to cerosols. Therefors, for extinc-

tion at 0, 63 micron (yo 63) holds:

Y. " o (5
Analog 1o Equ.(5) , it holds for atmospheric sxtinction in the visual range Yolsd
Yois ~ Yo © '

The extinction due to alr molecules can be Ignored for visibilliles less than about 50 kilomerers. The visibill -

ty VN cun then be computed by meons of the wellknown Koschmiadar formula, using also only Yo

3,912

N ”
a

Vv,

Basides of semlempirical formula determining atmospheric brood bond and laser transmission theie are several
computer programs on ihe basis of otmospharic and aerosol models, e.g. LOWTRAN [4], HITRAN  [5] and ATRAN [6,7].
At the FfO an opproximative formula for extingtion at 10,6 micron was uvsad bated on the avallable literature until 1972

(1,2 3,8, 9 10]. Here 70.6° defined aiter equation (3) with

—
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3/2 !
km (C02) = 144 (295/7) oxp (=220 /), (8 f
{

whare T denote: the air temperature in Keivin, Further absorption by water vapour is givon as follaws:
- L
km (H,0) = 4.32+10 pH2O (p+193 pH2O)’ 9 ‘

where PH O denotes the waier vapour partial presture in Torr whareas p means atmospheric nresture in Torr.
2

Finally extinction by asrosols iz expressed by the following approrimation formula:

v, =0.245 vy {oxp[ (Hr- 50 +6) {( Vy k) 3/50) ]}, (10)

Here VN is the visuol range in km, Hr is the relative humidity in percent.
Equation(1G)is valld as on first order approximation with the limitations

VN < 100 km
0 ; 45% <Hr < 77%
8 =10.38(He-7:); 77%< He < 90%.

More accurote approximation formulc have to take into account the relevant avrosol size distribution;

therefore the visibility VN cannot replace the asrosol siza distribution for Infrared wavelengths.

3.2 MIE CALCULATIONS - AEROSOL SIZE DISTRIBUTIONS

S _a¥__ ___ It _t__at P U Nyt YL N P Cax o L P I By S [ T S I |
] s v 1B Wl GUaeansil e parnLuiame 1nones 70 13 THIgICU T 18 IO QIgH IDUNIICRT

cptical properties of the porticles by Mie's theory. Although atmospheric aerosole are not uniform homogensous sphsres,
Mie’s theory approximataely describes extinction by aerosols. The particle extinction cioss secilon is commonly written In

iarms of the cross*sectionol cera 1r|'2 of particles times on efficiency factor for extinction Q[XT' Thus 1 becomes:

Y - 20

a = ar an

EXT
for a single particla, The extinction efticiency facior, axpressed in terms of the Mis ampiitude furctions [11] a ond bn
is !

Qe i) =2~ N (2r+1) Re(a +b), (12)
CAl L n n

X
n™

where m =(nR. - nlmi) is the complex Index of rafraciion of o cerosol porticle ond s=2qr1/), 15 a size parametar ralating the

-

radius r of the sphere to the wavelength )\ of the incident electromagnotic wave (Mis parame er).

In the sameveay the efficiercy factor for scattering s

_ 2 . 2 2
Qgca () = =5 Z (i + 1){|on| +{s | } (13)
n=1 i
For o mondispera osroso! having Ng porticles per unit volume Yo is given by '
2
Y, = Gt ext Ng (14)

Similorly, the total axtinction due to a polydispene distribution of porticles Is given by the Integral over
the cize distribution: "2

y = J 1r2 QEXT n(r) dr, : (35)

a I'"

i
i
!
1]
¥ .
whare n{r) Is o continuous function defined within the radius Interval from nto f2 representing the concentrotion of particles .
per wir volume and par unit Increment of dr. An overview of frequentiy used size distribution functions Is glven In [ 123.
f
i

—
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The tachnlques employed to count and measure porticle: usuctly provide dcta on the number of particles per specific interval

of rodius. If the rodius Intervals ara small enough, equation {15) can opproximatsly be rewritten in
z

2
Ve ® 2 T Qgplnx) m o) (16)
i=1
where 5 is the meon radius of each rodius interval, " 1s the populction of the corresponding radius interval and z Is the

total number of radlus intarvals. Equation (15) rupresents extinction by asrosols much Letter than equation (10) where ex~

tinction is calculatad via visibllity and relative humidity, but it requires the mecsurement of the aerosol size distribution.

3.3 TRANSMISSION THROUGH RAIN

Most atmaspheric extinction modeis do not consider the effect of precipitation but include only
extinction by gaseous constituants and oerosols. Howevar, espacially in the 3 - 15 um raglon axtinction by rain is of con-
sidercble importonce.

In order to mode! IR-extinction by precipitation the rain~drop siza disiritbution s required, The distribution mostly used by
modellert has been proposad by Marshall ond Polmer [ 13]:

N@®) = Njoa (-AD) [ em ™) (17)

with

A=AR) = 41 RO-2) (18)

where the following notation holds:

N(D} dD = Number of drops per unit volume with diameter between D and D+dD [cm_"] .
D =  Diop diamater [ om ].
NO = Intercept parometer, found to be constant ( = 0,08 cm-4 = 8000 m-amm-])
by Marshall and Paimer,
= Slope parametar of the Marshall-Palma: disiributior: { ™! ].
R = Rain rate { mm i\-‘].

Thus via (18) the rain rate Is related to the spectrum which generally is unknown, unless meacured by special equipment.
The rain rate itself con at {east be astimated from routine observations, As for as the parameter NO is concemed thare are
indicotions todey thut It can no longer bs treated o3 a constant as summaiized by Markowitz [ 14]. Other suggestions, e.g.
to express No s a function of R are glven in [15], [14,, [17].

Equ.(17) should be volid for many cases of steady rain of continental mid-latitudes, However, dc-
stic deviaotions from the “stralght [ins" (on a log-plot) are expected In heavy rain, o.g. during showaers or thunderstorms.

To relate rain rate fo the total omount of precipltation, the terminal velocity of the rain drops !s
nesded, Here we use the relationship given by Goldstein [ 16]:

VD) =9,6(1-exp(-55D) [ muc-‘], (19}
with
V = Veloclty | mvec ]

Following van de Vrla [19] the procedure to calculate the trunamissiony through rain Is as follows:

.4 * 3
DR =NT jo exp (- AD) V (D) D" dD,

~ s - el
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2) N, - R “ . §
n Lm exp (- AD) V(D) p° b 1
3
. , Ny 7T (3) SuN, ;
3) A =N —--L“’ oxp (- AD) D dD = - ,
04 A A 2 23

5 -1
4) nyp = 10 |n(|—A'QEx.r) [ km 1.

5) T = exp{~ Yo L) sLin[km),

The factor A means the total geomatric cross=ssction of all rain dreps. The weighting fectar QEXT Is the Mie-extinction-

efficiency foctor, which is o functien of the Mie size parameter x = ; . For large values of x, 1,6. D > A, QEXT
approaches the value or 2. This opproximation is made in this simple model, yp!s tha axtinction coafficlent, » the trans-

mission through rain ond L the atmospheric path In km,

7 at a function of R and L aftar Equ. (17), (18), (19) is presented in Fig,2. The integration has been
performed betweaean 0.1 and 5§ mm drop diameter. (The contribution to the Intag.als from smoller and laryer droos is nag!lglbla)

4, EXPERIMENTAL AND COMPUTATIONAL RESULTS

4.1 ANALYSIS OF DIFFERENT EXTINCTION CONTRIBUTIONS

In the folloy ing sectlon exaniples of the diumal varlation of extinction ceefficlants from our reecsum-
mants at 0,63, 10,6 pm zad in the visual rangs, togather with different extinction contributing atmospheric constituents
are presented.
Fig.3a shows the extinction coefficient Yot in the visual spectral region with the aerosol populaticn N which mecns the
aerosol population In the radius range 0.2 - 1.5 microns, meotured by moaans of the Royco aerosol counter. Flg. 3 b indicates
the maasured oxtinetion coefficlenis ot 10,6 micronsy o o (exp.) ond the computad extinction after Equ.(7), 710.6 {theor.)
together with the computed absorption coefficiant for water vapour km (H20) (ofter Equ. (8)) ond corbon dioxide km (COz)
(after Equ.(9)). In this figure tha carbon dloxide concentration is fixed on .00 ppm: tharefory the curvo mirrore the diumal
vorlation of the air temperature. In Fig. 3< the cerosoi populution n, 1s plotted, whers n, is the aerosol population In the !

radius range 1.5 ~ 10.0 um measurec by the Royeo oarosal counter. Finally in Fig 3 d the dlumal voniatiens of the ohea-

fute (Ha) ond relative (Hr) humidity are shown. The time resalution of the extinction cosefficlents as well as the count rate

of tha Royco counter was 10 minutes, whereas tha time resolution of the computed valuss and thu meteorologlecl dato was .
30 minutes,

Fig.3 shows that In the case of fog (visibility < 1 km) the courses of Yvis' V10.6 (axp.) and n,ars in good ogreement,
The course of ny 18 - a1 expected - different. Durlng light and moderats fog the ralation 710.6<%is holds. For danse
fo (visibllity < 0,2 km) one obiains: 710.6 ™ Vyiye f the vhribility becomes greater than 1 kilometer the Influance of :
Y bsczomas evident as it con be seen ofter noon, Here, N0.6 continuet following Ny The insufficlent consideration i

of the aerotol by Equ.(7) ist demonstrated by the course of Y106 {theor.). AIO 6 (theor.) Is simllar ts the course of Y ols*

An odditional diumal variation Is presentad I Fig. 4. Pourt o) shows " ond instead of’)’vh as In Fig,3 the extinciion coeffl-
clent Y0.63 of HelNe~loser radigtion Is shown, Part b demonstrates "10.¢ {exp.), km (COZ) and km (Hzo). In part ¢ the
asroso! population ny is plotied, whereas part d shows the diumal course of Hr and Ha.

The courses of n, end g, &3 coln=ide fairly wall until noon. No analogy ean bs ssen batween the courss of 70,63 and i
ny. Asin Fig.3 10,6 {(oxp,) follows to rome extend ny- Poartlally the relation %.63< 10,6 {axp.) holds, Comparing

Fig.2 and 4 this relotion moy be sxpicined by a reduced oeroso! population ny In Fig.4 (approx. foctur 5), whersas the
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asrosol population n, is about the same. A further diumal variation 13 plotted in Fig.5. Part o) shows the extinction coeffi-

cients Y0.63 and Yol part b) tha extinction coefficient 710.6 together with No0.6 (theor.) ond km (H20) and km (COZ)'

—~

(A mean carbon dioxide concentration of 300 ppm assumed). Part ¢) deronstrates the relative and dbsolute humidity. Fig.5a
shows an onalog course of ¥, (4, ¥1g 4 (exp.) ond tu some extend of y ... From 4 to 6 a.m. the fluctuations of the ex- L
tinction coefficlents are caused by precipitation. The course of ¥, 6 (theor.) bears analogy to the course of Yoy BV

there is no colincidence with Y10.6 (exp.). "

The whele data et of about 60 days was statistically processad. Mean correlation coefficients between several pcrameter

combinations are presenred in table 2.

Table 2: Mean correiation coefficients

correlation volues correlation coefficients number of d~ys ‘
Ho/‘yw.b(exp.) - 0.0449 49 i
yvi,/y]o.é(exp.) 0.21 38 ‘
70.637 V10,6 ) 0.39 24

. 3
Hr /yvh 0.25 8

AR e e . mwe oL

The next table shows the trial to clamify the relationship between Yols and 0.6 (exp.) for different visual ranges.

]

Tuble 3: Mean co.relation coefficients yvis/ 710.56 for different visuol ranges \'N

U W

atmospharic condition visual range corvelation coefficient nurrber of days :
Yoislh0.6 (@90 ;
—t = N !
mcderate, denss, thick fog VN < 0.5 km n, 72 5 .
light fog 0.5km < VN < 1km 0.51 5 l I ):
thin fog 1.0kme VN <2 km 0.41 6 )
hoze 2.0kma V< dkm - 0,07 16 ‘ . ;
light haze 4.0 km< V) = 10 km 0.1 32 ‘
clear J L VN> 10 km - 0,07 24

The low correlation coefficients in table 2 cleariy show that Investigations of the relationship between !
atmospheric transmission ot A = 0.63 um, X = 10,5 ym ond in the visuol ronge can only be dune by selecting special me- ;
tevrological conditions whers several extincrion contributing atmospheric parametsrs con be fixed or neglectad, o that ex- ,
tinction by one parameter Is dominant, Table 3 demonstrates that for fog (thick, dense, moderate, light) and to some extend :
for thin fog the relationship Is felrly close becouse of the dominance of glant particles. Tharsfore It Is cbvious that extinc- '
tion at 10.6 ym Is by a foctor of about 4 smaller with tha trend o equalily ot dense fog, whon compared with the visual :

renge I
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4.2 ABSORPTION BY WATER VAPOUR AND CARBOM DIOXIDE % i

Selectad meteoroiogical situctions will be discussed where extinction by aervscls is appro.cimately constant, ,
In both following figures a diumal maan of the carbon dioxide concentration Is usad. !
Fig.6 demonstrates a diumal varlation with an approximately constant course of fy while n portially fluctuates, Fig. 6o
indicotes the course of 0.63 and - To some oxtend the similarity Is obvious. In Fig.é b 710.6 {exp.), km (HZO) and -
km (C02) are plotted. Finally part ¢} shows the oerosol population ny whereas in part d) relativa ( Hr) and absolute {Ha) :
humidity are preseuted. The re! :tionship between Y106 (axp.) ond Ha from 3 a.m. ta 2 p.m. Is evident, '

A further example which points out the ralationship between y,, . and Ha Is ilustrated in Fig.7. Fig. 7 a shows 14 , (exp.), '
Y10.6 (theor.), km (H2C)) ad km (COZ)‘ Fig.7 b presents the diumal variation of the absolute humidity, in table 4 corra-

lation coefficients Y10 6/ Ha are listea. Part a) shows correlation coefficients for on cpproximutely cornstont aeroso! popu-

lation 0y part o) presunts correlation coefficients for visibilities excceding 15 kilometers,

{
Table 4: Correlation coefficients 10 6/H° 1

Part a): aercsol population n, approximatsly constant

[ S [PUPURU

|
date 102376 102476 ; 102676 | 062477 mean {
[ S ' P { . ‘[ . - — i
Y10.6/Ha| 0.49 | 064 i 076 | 0.56 0.6) 1
- : — e 1 cee—— . {
1
Portb):  wisibillty > 15km 1
date 10 04 76 l 1007 76 ! 101276 101576 . 072777 ] mecn |
LT ] S AR S St e S AGIS S i
Ha 0.94 0.63 0.8 G.75 0.52 0.69 1
R Ml | | | |
i
1
[
Table 4 shows firstly the supposed relationship between COz-lour transmisifon and otmospheric woter vapour, seconalv .
that in genaral it Is difficult to study soperaiely the influence of one extinguishing atmospheric constituent on transmission _ ;
without disturbonces by other constitents, )
A further lack is the short measuring range {length 0,32km).In general reduction of Coz-lﬁur transmission from water vapour o

was about 4 percent at the ronge. Therefore the influence of water vapour can sasily ba hidden by cther quantities. The ex- |

.

tinction contribution from corbon dioxide to CO ,-laser radiution is smaller 1f compared with extinction by water vapour
{about 2 - 3 parcent at our range). Because of the drifi of the rarbon dioxide measuring device only meon diumal values
could be used to give an order of magnitude of carbon dioxide extinction,

4.3 EXTINCTION BY AEROSOLS

Yo study the influsnce of atmospheric aarosols metscrclogical situations were selectad whera km (H20)
was opproximately constart or negligible in comporison fo Yy km ( C02 ) 1s always smaller cornpared to km (HQO).
Figure 8 a demonstrates the diumal varlations of Yuis ond Yine {exp.). In part b) the oaroeed population K1 - K5
{channei 1 - 5) are plotted (see table 1), Finally port ) shows the diumual course of the absolute and relative humidity.

Locking ot Figure 8 a one conflrms thot the coursas of Yuis ond 710.6 (exp.) colncides folrly well. Until & a.m. durlny
danse fog the courses of y is ond 710.6 {exp.) ore practically identicol. In this iime extinction by oorticles In the radius
v .

ronge 1.5 - 10.0 um s domirant,

From 6 a.m. on Y10.6 (exp.) follows the course of K4 and K3, whereas rhe courss of Yo' emcntiolly determined by the
paiticle populutiont K1 - K3,

A further axample which smphasizes the Influence of cerosols an extinciion is given In Fig.9. Insiead of K1 - K5 in Fig.8 |

_
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here " ond n, are plotted in part bj, As in Fig.C the analog course of 710.6 (exp.) and ny is avident, Durlng fog the

relation Y10.6 < Yuis holds agoin, Without regurd to fog the influence of nyon ¥ becomes obvious,

To show the axtinction due to the different cerosol size ronges simple statistical calculations were performed. Table 5

shows correlation and regression cosfficients.

Table 5: Meon corelotion and linear regression coefficients ( A = dope, B = intercept)
. correlation values  correlation coefficient regreulcn coafficient | number of days
: i A | B
S SR G

K3/710.6 ‘ 0,43 1 o | o n
K4/7%10.6 || 0.67 ,' 1.23 | 1.04 n
$K5/'y,o‘6 : 0.75 t6.5 | 1.03 n

N/ V10,6 ! 0.77 " 1.34 | 1.0 Lon

in, /¥, l 0.5 2.6 | L7 |10
;nz/‘yo'& I 0.27 3.55 | 0,44 |2
/Yo ' 0.33 to.00 | 197 | 1"

n /Yo 6 : 0.59 0.01 | 0.52 ‘ 2 |

The results show tha predominant influence of giant aerosol pariicles on COz—lcser extinction. Furthermore it is cbvious

that the astinstion by smallar narsizlas cannot ha .«-ul-.-.-fl Tha low corralation coafficiant n /v te crusead hu the

foy 2 pariiiids o sCitC cere= ;7 e, 1 EOUIRC

vis
foct that only selected measuring days were evaluated with -etpect to COZ-Ionr extinction,

4.4 COMPUTED EXTIMNCTION BY AEROSCL VIA MIE THEQRY

It hos been shown that the computotion of extinction due tc cerossls viasimple meteorological records
like visibility and relative humidity generally is not possible, Section 4 clearly demcnstrated empirically-in agreement with
Mie’ s theosy-that particles in the radius range 0.6 - 10 um are the main contributors to CO'Z -laser extinction. Thersfore
equation (16) was usad instead of equation (10) to compute the extinction by cerosols. The asrosol size distribution was
measured by & Royco and o PMS aerosol counter (see table 1),

The Fig. 10 ond 11 give a good comparison between measured and computed COz-—Imer extinctior via Equ. (8), (9), (14,
In both figures the diumal variation of 0.6 (exp.) ond 710.6 {thecr. s presented, Additionally the complex index of
sefraction used fur Mie colculations as well as the oerosol maasuring device Is specified.

Both figures show that in case of fog there 13 a surprisingly good ogreemant withia u factor 2 between meosurement and
calculation. Without fog the deviations become larger. The maln reason Is the rough size resalution of the Royco counter.
Other uncertainties with regard to Mie calculations shall not be discusred at this point,

Fig. 12 presents the diumal varlation of sxtinction In the visuei range (yvh) ond ot 0,63 um (70.63" The third curve Is
the calculated HeNe-laser extinction cosfficient via the measured caroso! size distribution by o PMS device. Additionally
the complex Index of refroction Is given. To some extend there is a ra*her good agreament between measured and calculated
HeNe-lasr extinction. The daviations may be caused by the upper limit of the measuring range of the PMS device
(ASAS5-300 B), A further lock is that all aec~eoi macsurements ot the ronge were point measurements. |t is known that tha
measuring resulty may be chonged due to atmospheric turbulence and the senslbility of the aspiration systems ogalnst wind

velocity and dimction.

g

e
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4.5 CXTINCTION BY RAIN

The quality of the rain-extinction model presented in section 4.3 has baen checked for 17 cases of
rainfall with a total emouni of approximately 640 measuring points token during 32 hours of precipitation.

As a typlcal axamply one of the 17 rain cases Is plotted in Fig. 13. Part o) shows the course of the transmission on July 19
according 11 calculation (full line) and from measurementt In the photopic ronge (dashed (ine), for 0,63 wm (dash-dotted)

ond at 10.6 um {(dotted line). Ralations between T ., T. ond T hcve been discussed elsewhsre (section4), Here
vis’ 10,6 0.63

ond Tcol and abtain the following gross features :

>

10,6

The trends in both, calculated and measured transmission agree falrly well in !l cases, However, a systematic positiv

we concentrate only on T

difference (Tcal - 'f‘o 6) Is obsened In proctically all cases, This difference can be explined by a neglected anrosol and
molecule @ iin-tion. The total calculated transmission would be obtained by multiplication of the rain case with the trons-

miasion duse to all other atmospheric constituents (e.g. from LOWTRAN),

Sharp peaks in the measured (and calculated) transmission coincide very wall with thase of ‘he rain rate (part b). The lar-
gest diffarences batween calculation ond measurement occur for high ruin rotes,as to be seen from part ¢, where rcal/TIO 6

is plotted. The reason is twofold:

The evaluation of the rain rate introduces the largest errors for high rain rates, because It 13 obtained by differentiating
the rainfal!-recorder curve. Furthermore the raindrop spactrum Itself may be erroneous for heavy rainfail, as alreody indi--

cated eorlier,

Finally it can be said thot the simple model gives surprisingly good resuits. Statistical calculations showed a mean value

for "(ml/"[']0 6 of 1,34, The meon correlation ccefficiunt for all 17 rain cases tumed out to ba 0,83.

5, CONCLUSIONS

Moasurements with our |aser tronsmisometer show that In general a prediction of otmoscheric extinction
at 0,63 ond 10.46 pm from meteorological parometers, e.g. relative humidity, absolute humldity, alr temperature, air
pressurs ond vistbility Is not possible.

Measuring visibility only eeorosol particles in the radius region 0.2 - 1,0 ym are taken into account, whereas COZ-Imer
extinction Is essentially determined by the particle radius rage 0.5 - 15,0 ym. Therefore the only way to improve the
mathematical description of HeMe-ond COz-lonr rodiction extinction In the atmosphers seems to be possible by the accurate
measurement of tha cerosoi size distribution with sufficiont size resoiution as input for Mie colculations together with the
above mentionod meteorological parameters. Further research has o prove to what extend Information of the cerosol size
distribution con ba derived from metecrological data Including alr mass analysis and the history of the general weather
pattem [ 20]. Analog to the visibility VN an additional quontity, ¢.g. the transmission at 10,6 micronsitself may have

1o be added ta the dolly usual set of meteorological datato be able to predict additionally infrared tronsmission, The uso of
aorotol countars seem: to be restricted to research work, and cannot be recommeanded for routine meteorclogical work.
Extinction by rain seems to be describable by an Improved rain model inciuding the actual measurement of the raln drop

size distribution or ot least accurate data on raln-rates,
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Fig.2: Transmission through voin as a function of rain-rate R (after Equ.(17), (18), and (19)). Parameter is the

atmospherlc path L, The actual tronsmission is obtalned by multiplication with the transmiglon of the
ralnless cave, .g. from LOWTRAN (Valld for 3 um < % & 15 um).
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Diumal variation on Oct, 23, 1974,

a) Extinction coefficient Yols with oerosol population " (rodius ronge: 0.2 - 1.5 ym).
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b) Extinction coerficient Y10.6 (exp.) with 710.6 (theor.) and absorption by molecules, km (HZO)‘

km (COz).
c) Aerosol population ny (rodius ronge: 1.5 - 10.0 ym),
d) Relative (71r) and absolute (Ha) humidity.
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Diumal variation on June 25, 1977,

o) Extinction coefficlent 70.63 with owrosol population " (rodius ronge: 0.2 - 1.5 ym).
b) Extinction coefficient ¥, {(exp.) with absorption by molecules km (HEO) and km (COE)'

<) Aarocol populatlon n,, (radivs range: 1.5 - 10.0 um).
d) Relative (Hr) and absotute (Ha) humidity,

. —

O W ——— e _ P

- SNl .al. - .




40-14

Fig.&

1wy, ot

Dlumal varlations on June 24, 1977.

a) Extinctlon coofficient 70,63 with aercsol population " (rodius range: 0.2 - 1.5 ym).

b) Extinction coefficlent 7106 (exp.) and abeorption by molecules km (H2O) and km (COZ)'
¢) Asrosol population L (rodius ronge: 1.5 - 10,0 ym),

d) Relative (Hr) and absclute (Ha) humidizy.

Diumat varlation on Juiy 19, 1977,
a) Extincilon cosfficlents Yo.43 % ¥

viv'

b) Extinction coefficients 710.6 (exp.} and 10, (theor.) wiil: cheorption by molecules km (H20) and
km (Coz).
c) Rolatlve {Hr) and absolute (Ha) humidity,
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Fig.9 Diumal variation on Oct.28, 1976,
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J.Rottger, FRG
It secems to me that the calculated and measured transmission curves show a phase shift of a few minutes. Is this ‘
shift significant?

Author's Reply T4
The transmission was calculated assuming a Marshiall Falmer raindrop size distribution and using the rzin rate
measured at the range. Rain rate recordings and laser transmission recordings are different recordings. Therefore, .
the shift is causcd by the limited time resolution (within a few minutes) of the recordings.

L..F.Drummeter, US
Could you Jiscuss the calibratior rocedure for the transmissiometer described?

Author’s Reply
The intensity is measured when, by means of a spherica! mirror, the laser beam is focussed on a detector. The
measurements are carried out twice daily *t each end . a 320 meter measurement range. From the two measured
intensities the actual transmission may be calculated. 4
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ELECTRO-OPTICS SYSTEMS PFTFORMANCE ANALYSIS
IN SELECTED MARINE ENVIRONMENTS

Barry S. Katz
Naval Surface Weapons Cenfer
White Oak Laboratory
Silver Spring, Maryland 2091i¢C

Kenneth C. Hepfer
Naval Surface Weapons Center
Dahlgren Laboratory
Dahlgren, Virginia 22448

SUMMARY

In order to support electro-optics system planners, designers and users with probability
of occurrence information on surface marine propagation counditions, techniques have been
developed to convert large quantitiss of previously stored weather products to statistics
of specific propagation parameters, The meteorology to propagation parameter models in-
clude Lowtran 3B, which converts temperature and absolute humidity to absorption
coefficients, Naval Postgradnate School semi-empirical models, that convert air-sea tem-
perature difference and surface winds to the refractive index turbulence structure function
Cy, and an aerosol model that uses wind and relative humidity to produce both aeroscl size
and number distributions, and a complex indox of refraction. Using a modified Monte Carlo
approzch that preserves correlations between meteorological parameters, these statistics
are coupled to E/O system models in order to calculate the probability of performing
various system tasks versus target range in a variety of marine locations. Optical sys-
teams in both visible and IR wavelength bands have been studied.
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A number of electro-optical systems are in varicus stages of development and will
hopefully be released for Fleet use beginning in a few years. These include applications )
in connection with surveillance, intelligence gathering, ASMD secarch and track and weap- {
ons control., Duec to the degrading influence that the marine atmospheric conditions have ‘
on visible and IR wavelengths associated with these systems, it is important that early
in the design stages these systems are optimiczed for use in such environments. This
optimization procedure includes a proper mix of opticail bands to keep effectiveness con-
stantly high and prevention of expensive over-design that cannot be used a large percen-
tage of the time. The systems analyst plays an importent role in this procedure and
should have available statistical information on atmospheric conditions and their
influence on system components for all locations i~ which these systems must operate.

_a_a

A first step in determining quantitatively the atmospheric limitations on system usc !
is to specify the optical parameters that describe the magnitude of the interaction of
optical waves with specific cnvironmental cgnditions. This listing would include the i
atmospheric turbulence structure function C,, serosol extinction values tor various wave-
lengths or bands and molecular absorption when applicable. Since average values of
meteorological parameters are readily available from marine atlases, the development, 1
improvement or collection from the E/O community-at-large of propagation codes relating
optical paramcters to atmospheric conditions allows one to determine nominal operating
conditions for areas of intercst. Unfortun.tely this procedure, while providing a set
of inputs for system codes, does not allow for determination of statistical effectiveness
for different system configurations. When considering the cost for new systems, it is
not an unjust question for the operational community to ask, "Just how often can I expect
te effectively use this system?” In order to help answe:r these questions a program was
initiated to do a statistical evaluation of propagation conditions in marine environments.
Emphasis has been placed on TV, 1.06um designator and FLIR optical bands. The basic
premise as shown in bleck diagram form in Figurc 1 was to acquire large quantities of
stored meteorological raw products from ship reports and convert each obscrvation individ-
ually into a set of propagation parameters using propagation codes obtained from the %/0 i
community. Trese multiple sets of propagation parameters were converted into a probabil-
ity of occurrence statistics and randomly selected to yield a small subset for driving
system codes. The codes used and the procedure for using this large matrix of data will
be described in subsequent sections of this report.
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Propagation Codes and Sources of Data

The majority of the meteorological ship data was obtained from the National Climatic
Center in Asheville, North Carolina. They process and store weather reports from ships
ot U.5. and foreign registry in .ddition to U.S. governmernt ships. Most of thesc ships
report synoptic weather observations by radio whiie underway. This historic surface
marine data file is known as Tape Data Famil, - 11 (TDF-11) and presently consists of
approximately 50 million observations. There are, however, collection problems inherent
in this world-wide marine data file. The uncertainties of TDF-11 are attributed to
different levels of observer experience in recording the state of marine environment from
ar unstable platiorm and paucity of observations over certain large areas of the ocean. X
Ancther ambiguity has been induced by improved radio cammunication and optimum track ship
routing. These advances have increased the likelihood of ''fair weather bias" (i.e.,, &
decrease in frequency of heavy weather observations). .

PO

This latter uncertainty can be reduced by considering observations from a unique
subsetr within TDF-11. The Ocean Weather Station (OWS5) section of TDF-11 contains data |
that are nearly serially compiste for relatively fixed locations at sea. Expevienced

meteorological personnel aboard OW5 vessels record the state of the marine environment at

least eight regularly schedulad times 2 dey., The standard synoptic observation times ave

midnight, Greenwich Mean Time, and at three hour intervals thereafter. .

The most important set of parameters from each observation included air, sea and dew .
peint temperatures, wind speed, barometric precsure, visibility and present weather con- i’
dition (rain type). The surface observacions also include cloud height and coverage which
will be used in future guided projectile effectiveness studies and ship signature studies
respectively where cloud-free linc-of-sight statistics are needed.

The computer code that was developed to convert the weather data to optical parameters
can be broken down into the following: (1) molecular absarption coefficients as a function
of air temperature and absolute humigity derived from Lowtran 2B calculationsi (2) semi-
empirical turbulence modei relating the refractive index structure constant Cy to air-sea ‘
temperature different, surfsace wings gradient, and absolute humdity; (3) aerosol model '
that uses relative humidity and wind speed to produce an aserosol size/number distribution,
a complex index of refraction and finally serosol extinction values.

The Lowtran 3B code developed at AFGL! provided transmission calculations for evenly
space wavelengths in the 3-12um and 3.4-5um band at various values of temperature, water
vapor (gm/m')} and range. For a given absolute humidity, temperature and range each trans-
mission value wes weighted by the thermal derivative of Planck's radiation equation (300°K
source), These values were then averaged over wavelength to provide an s2ffective trans-
mission for the two IR bands. This effective transmission value for a specified atmospheric
condition was converted into an effective molecular absorption coefficient (Rm~ ') by
assuming an exponential decrease with range. These effective extinction coefficients were
used to derive a scaling law for temperature and water vapor content. This sceling law
was necessary since tens of thousands of calculations ara needed.
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The scaling laws for the 3.4-5um and 8-1Z2um bands (over a 10 kilometer path) arc
shown as function of temperature (310, 20 and 30°C) and absolute humidity (gm/m®) in
Figurc 3. The most obvious feature of these band comparisons is the large difference in
the molecular absorptions at high absolute humidities. In humid marine locations (within
30° of the equator) where visibtilities tend to be 20 kilometers or better, the calculated
performance statistics for IR imaging systems are directly related to this difference in
molecular absorption. This ditfevence in molecular absorption increases as the perfor-
mance range extends beyond 10 kilomcters. The effective molecular absorption coefficient
in the 3.4-5um band decrcases by approximately 40% over a 30 kilometer path due primarily
to the importance of individual absorbing lines that deplete large amounts of radiation
in the first few kilometers. 1In the 8-12um band the dominant absorption mechanism is the
gaseous H.O continuum which is a slowly varying effect over the entire wavelength inter-
val. This slow variation with wavelength causes only a minor range devendence for band
overaged effective molecular absorption voefficient associated with this band.

The basic aeirosol distribution model used ir this report was provided by Dr. Mike
Munn?, Lockheed, Palo Alto, California. This model was devecloped by fitting data that
was taken over water and published in the open literature, It uses relative humidity and
wind speed to calculate an aerosol size and number distribution. Constants associated
with the wind velovity were changed to improve comparisons with aerosol distributions and
scattesing data taken by the Optical Science and the Atmospheric Scicnces Branches atr the
Naval Research Laboratory. Mie scattering calculations were done with a four region closed
form approximation scheme developed by Van De Hulst®., Comparisons with full Mie codes
indicate a maximum 5% error. The complex index is varied from that of a high concentrdtion
salt water mixture to pure wuater as aerosols grow with increasing relative humidity,

A direct comparison ot this aerosol extinction model (X/R) and the Lowtian 3B Maritime
nodel is fourd in Figure 3 where the relationships between visibie (.55um) and 8-12um
extinction are plotted., The X/R curves represent pairs of extinction values for RF from
70-98% (five curves) and equally spaced wind speed from 1-17 m/sec (nine per curve}. The
most obvious difference is the lack of uniqueness in relating t(.55) to vaiues in other
bands (K/R calculations). Each pair of wind speed and RH creates its own distinctive
wavelength relationship that in the case of the 8-12um band varies from 20:1 at good
visibilities to 2:1 at a Z km visual range. The Lowtran Maritime model has a constant
4.76:1 ratio which falls in the center of the K/R variation. The K/R calculations are
more optimistic in the IR regions for good visibilities while being more pessimistic in
ihe more turbid windy conditions,

Before using the K/R model aerosol extinctions in systems performance calculations n
series of trials were made comparing a calculated visibility tn the observer estimated
visual range (EVR). Since the purpose of these calculations was to provide the Navy
community with statistical performance of their E/O systems, it was felt necessary that
any aerosol extinction model used in these calculations should relate well to the stored
visibility data in both a direct and statistical manner. The three hundred per season
random sets of cbservations from OWS and passing ships were used with the K/R model for
this comparison. Each observation provided an estimated visual range and the meterolo-
gical parameters necessary to calculate a visual range (VR). The calculated VR assumed
a two percent threshold of brightness contrast and a Bouguer-Lambert Law (Beers' law)
for atmospheric attentuation with range“:

VR cale, = 3.91/7(.55) calculated

The observations and calculations for each season were compared in a cumulative probability
form., The results are plotted in Figure 4 for winter and summer seasons at the
Mediterranean (WD2) and Ship J locations (WDJ). The straight line segmented curves

(VISD X) in these figures represent the cumulative probabilities of the EVR's while the
noisy curves (VISC*) represent the calculated visual ranges.
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their respective ranges (re: EVR at 20 km were equally weighted between 20 and 50
the medium estimated visual range increased from 15 km in Winter J to over 35 km in
Winter Med. This large variation in medium EVR was iracked very well by the model cal-
culations. At all visibilities below one kilometer the model calculation of visual range
was forced to be equal to the EVR.
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Using the sssumption that the subjective visibilities were

The previously described molecular absorption and aerosol extinction mnodezls were
combined with sets of weather observations to produce individual sets of optical para-
meters related to TV, 1.06um and two FLIR systems. These sets of propagation parameters
were then used individually in systems perfornance calculations and collectively for
probability of occurrence statistics, Examples of these curves for the 8-12um band are
shown in the next two figurcs (5 and 6).

In Figure 5 sets of curves represent the seasonal variation in the cumulative
probability of occurrence of the total molecular absorption and the aerosol extinction
for Weather Ship J and a combined Eastern and Western Mediterranean data set. The
ordinate is the probability that the specific parameters will be equal to or greater than
the abscissa value. The scasons are three months long with SP denoting the spring months
of March, April and May. The summer (SU), fall (FA) and winter (WI) seasons correspond
to sequential sets of three month periods.

The North Atlantic Ship J calculations reveal higher aerosol extinction values but
lower molecular absorption coetficients than does the Mediterranean data. This is a
consequence of higher winds and reletive humidity and lower absolute humidity in the
Ship J location,
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In Figure 6 the same paramcters are plotted together with the statistics of the
total extinction coefficient for the summer and winter months. In the North Atlantic,
aserosols dominate the 8-12pm total extinction 20-35% of the time depending on the seascn
and location. In this region the total extinction values and statistics are nmore suspect
than those in the Mediterrenean due to thc greater uncertainties in the aerosol models.

This varjation in aerosol influence with changing location and season is even rore acute
in the 3.4-5um region.

System Performance Considerations

The performance range for a particular optical system depends critically upon the
target and the scenario as well as on the environmental factors. The dcterministic
approach to sensor performance for a given system, scenaric and target combination,
provides the Erediction of a uiique performance range (in this case detection) for each
set of atmospheric optical parameters.

An aperiodic detection scheme based on signal-to-noise and spatial size consideration:

is combined with a medium-size ship target that has a uniform temperature difference with
the background to provide detection range versus total extinction curves for a variety
TV, 1.06um and FLIR systems. The following range performance equation was used to fit
the parametric outputs of the complicated aperiodic FLIR model®:
2 -3

Rdetection ~ (A+p® Batm)
where Ry,. is the predicted range (kilometers) for a 50% probability of detecting the
target, X"and B are censtants associated with the choice of FLIR system and altitude, and
Bgem is the total extinction coefficient in units of inverse kilometer. Some examnples of
current and projected future 8-12um FLIR systems performance (detection range) versus
total extinction are shown in Figure 7. The FLIRs were placed at various altitudes to
emphasize horizon limitations. The greater the horizon limitation the smaller the
detection raage improvement associated with more advanced systems of the same wavelength.

The systems perforwance models, target and receiving systems were combined with
individual sets of atmospheric optical parameters to produce detection range statistics
for different seasons, locations and receiver altitudes. The resulting performance range
statistics were plotted together to show the dramatic variastion in predicted detection
range with altitude for different competing systems.

In the next three figures the 20, 50 and 80% cumulative performance points for FLIRs
operating on-board a ship in a ship detection mode are plotted as a functior of latitude
for summer months. Figure 8 contains only detection statistics for a current generation
8-12um FLIR. The poor performance near the cquator is due entirely to the high humidity
conditions. In more northern climates the humidity decreases allowing for much larger
detection ranges during goed visibility days. The 80% curve remains fairly flat with
latitude indicating that as humidity effects decrease with increasing latitude the aero-
sol effects are becoming more severe statistically even though there are many very clear
days (20% points). 1In Figure 9 the performance statistics of a near term focal plane
array 8-12um FLIR is superimposed on the current generation system. The increased
sensitivity provides improved detection ranges. 1In Figure 10 a near term 3,4-S5um system
is superimposed on the current generation 8-12pym system statistics. This dramatic
difference in performance between the two bands is based entirely on the aerosol models
since, as shown earlier, the molecular absorption in the 3.4-5um band is insensitive to
change in absolute humidity or temperature and thevefore latitude. As the visibilities
improve (lower latitudes) the detection range associated with the 3.4-5um FLIR increases
while the 8-12um is encumbered by the increasing water vapor content,
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to Optical Parameters

100

SHIP PROPAGATION SETS OF OPTICAL
OBSERVATIONS monas PARAMETERS
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Figure 1 - Block Diagram for Conversion of Meteorolcgical Observations
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Figure 3 - K/R Model Comparison of Vi_ible (0.55um) and 8-12ym Aerosol

Extinction Coefficients at Five RH Values and Nine Wind
Speeds for each RH (LOWTRAN 3B Maritime Model Curve also shown)
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SUMMARY OF SESSION IX
TROPCSPHERIC TURBULENCE
by

Dr H.Soicher
Editor

The effects of atmospheric turbulence due {o temperature fluctuations and wind on the performance of optical
systems are weli known. 'n particular, system degradations include loss of image resolution, difficulty in detection of dim
objects, and loss of tracking accuracies. Papers during this session concentrated on the comparison of atmospheric turbu-
lence measurements with models of corresponding paramsters, and on the simulation of turbulence coaditions for
propagation analysis.

Yura seeks to determine whether any correlation exists between measured values of both stellar scintillation and
phase coherence and the corresponding values predicted from a receat model of atmospheric turbulence profile. He finds
good agreement with the scintillations data, while the phase data is only of fair-to-good agreement.

Hanson describes measurements of the temperature turbulence profiles and the coherence diameter conducted at the
ARPA Maui Optical Siation (AMOS). These measurements are compared with existing models. He concludes that whil:

the coherence diameter measurcments are in reasonable agreement with existing models, temperature turbulence profiles
are not.

Lyon descripes the sin.uiarion of turbuient atmospheric propagation as pari of 4 procedure for the development of
an optical tracking system.
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OFTICAL PHASE AND SCINTILLATION AT AMOS:
COMPARISON BETWEEN OBSERVATION AND PREDICTION

H. T. Yvra

The Ivan A. Getting Laboratories i

The Aerospace Corporation
P,O. Bux 92957

Los Angeles, California 90099 : 9

Abatract . 1

Atmosepheric turbulence has a eignificant impact on the performance of r~e aperture optical
systems, Degradations obeserved include loss of resolution when imaging, inc.. sed difficulty in detecting
dim objects, loss of tracking accuracy, as well as a numbet of other effects. The evaluation of the per-
formance of any system and the specificatiun of operating parameters for systems designed to eliminate or
minimize these degradations require sufficient knowledge in order to provide a characterization of the tur- ‘
bulent envircnment in which they must operate. !

A primary objective of an operational model of the aerospace propagation environment iz to provide 1‘
sufficient understanding for the system analyst to compute performance estimates under various operational T
conditions, Tao thie end we present in thia paper a comparison between measured values of both stellar
scintillation and optical phase coherence and the corresponding values predicted from a2 recent model of the 1
atmmoepheric turbulence strengih profile, The optical measurements under consideration were performed by 1
membars of the AVCO Everett Research Laboratory (AVCO) at the ARPA Muui Optical Station {AMOS) atop i

!

Mt. Haleakala on the isiand of Maui, Hawali in the fall of 1975. We employ here Hufnagel's recent
statistical rnodel of atmospheric turbulence for heights greater than three kilometers above mean sea level
together with a model for low altitude turbulence developed from the empirical data of Koprov and Tsvang,
and Bufton. The appeal of this turlulence model is that it is relatively simplc to implement in aystem
studies and that only one-free parameter is needed for its gnantitative use. This parameter is the root
mean square wind speed for the altitude range of five to twenty kilorneters above sea level,

We first discuss the statistical turbulence model in its fuil generality (i.e., both ito temporal and
spatial variations), We next present an average or non-randorn model which can be used by those not
interested in the fine structure, as is the case here since available data does not warrant the vae of the fuli
random rnodel of atmospheric turbulence,

It is necessary to have knowledge of the statistical characterization of both the optical phase coherence
diameter r_ and the scintillation index gy of a stellar source, Expressions for these quantities are pre-
sented and Aiscussed. Using measured values of the wind speed paramieter for the appropriate dates of the
experiment, we then calculate the appropriate values of rj and 0y and compare with the corresponding
values, as measured by AVCO, We find good agreament with the acinriilation data, the agreement with the
phase data being only fair to good. Although the resulte presented here are encouraging, mozre data com-
parison is necded before the validity for general use of the turbulence model used here can be established.
Finally, possible improvements with the turbulence nodel are discussed.
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The purpose of this paper {e to seck to determine if any correlation exists between measured values
of hoth stellar scintillation and phase coherence and the corresponding values predicted from a recent model
of the atinoapheric turbulence profile. Specifically, we employe here Hufnagel's (Ref. 2) recent model of
the index structure constant protile C5(h, V), where h iz the altitude above mean sen level and V is & root
mean square wind apeed (defined below) to calculate both the variance and covariance of the log-amplitude g, "
and phzse coherence diameter r,, of an optical wave due to 2 stellar source. We then compare these !
quantities to the corresponding quantities as measured by AVCO and AMOS during November 1975, H -

We first discuss Hufnagel's vecent rnodel of C4 and present expressions for the appropriate wave ’ i
statistical quantities. Using measured vaiues of the wind speed parameier V for the appropriaie dates of wae N
experiment, we then proceed in Section IV to calculate the normalized log-arnpiitude variance and ¢ sre
with the corresponding values, as measured bv AVCO. For the three experimental dates conatde - I, Iirly
good agreement is obtained.

In the derign and depioyment of the AMOS compensated inaging system, it iv necessary to : . . «nowl-
edge of the statistical characterization of the phase cohererce diamcter of the atrnosphere r, of an vptical
stellar source. In Section IIl we present the results of our calculation of r, and compare with AVCQ's
experimental repults, The present calculation of rj, is based on Hulnagel's recent model of C% together with
a low altitude C§ model (i.e., 0-3 km above the AMOS site) abstracted from the experimental resalts of
Bufton (Ref. 1) and Koprov and Tovang (Ref. 3). Our calculated values of r, are a little larger than AVCO'e
measured average values, although not as large as AVCO's value of r as calculated on the baris of
measured turbulence profiles.

Although the present resulis are encouraging, more comparison with experimental data ir needed be- i
fore the validity of the turbulence model used here can be established. However, at this point we are '
cauticusly optimistic,

Ii. ATMOSPHERIC TURBULENCE PROFILE

Recently R. E, Hufnagel (Ref. 2) presented an empirical model for the altitude profile of the index
structure function C?:‘. In its full generality, the random turbulence version of the Hufnagel turbulence
model has the form (In units of m-2/3)

cZ) = 598 % 1073 w2n? 0l oM v 10710 3 ¢ W15 uple(it)] , B >3 km n |

where h is in kilometers above mean sea level, V is the root mean square wind speed in meters/sec in the
5 to 20 kim altitude range, le,,

—
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. 20 ko 1/2 §
v- [“—“15 - f Vi) dh] : 2 j
5 km ,
where v(h) is the wind speed profile inm/sec. The ?uantlty r(h,t) is a guassian random variable which
depends on altitude and time. As defined by Hufnagel, r has zeromean and a correlation function given
by '
(r(h +h', t + )r(h,t)> = A(h'/100) exp(- 7/5) + A(h'/2000) exp(- +/80) (3) ’ 1
where t is time measured in seconds and the function A is given by
AR = 1- [xl, |q S 1 1
(4)
=0 ' fx] > 1 :

In Bome cases it may be more convenient computationally to use an exponential decay function, i.e.,

Alx) = exp(-|x|). 2
As is discussed below, the available data does not warrant the uase of the full random nodel of Che

Accordingly, we employ the non-random model, obtained by taking the ensemble average of Eq. (1).

We obtain (¥F) S e = 2,72) )
cliww) =5.98 x 1083 wz2n? %™ s 272 x 10716 1B (5)
where V is given hy Eq. (2}, As discussed by Huinagel (Ref, 2), V appears to be normally distribu‘ed about !

some average value. For example, for the etate of Maryland, V appears to be normally diatributed with an
average value of 27 m/sec and a standard deviation of 9 m/sec, Below we use the value of V obtained from
the wind apeed profiles for the dates of the measurements, as supplied by the Air Weather Service,

Strictly epeaking, Eq. (1) or (5} is valid for h > 3 km. Since the measurements we perforrmed at
AMOS, i.e., at an altitude of 3 km, Eq. (5) will suffice for the pres2nt analysls, However, for complete-
nees we present a model developed from the empirical data of Koprov and Tsevang (Ref. 3), and J, Bufton
(Ref, 1) for the value of C§ at altitudes below 3 km:

7.0 x 101443 , 10m<h< 100m

o106

L5 X1 sy 100m<h < 500m

P O Ve

16

6.
= {15 x10 —1125x10“’(“mn (6
AN

N

sy 500m < h < 1000

1000

2000
2000

/
375 x 10717 4+ 7.95 X 10'”(h ’°°°) , 1000 m < h < 2000 m
) , 2000 m < h < 3000 m

1.17 510718 - 5.85 x 10‘”(h

The model preasented above is simple in many respects. It does not explicitly account for possible
high turbulence peaks generated at frontal interfaces or sharp inversion layers. And, corceivably the
numerical coefficients in model should be different over mountainous terrain. Nevertheless, it does seem
to yleld reasonable agreement with most of the cbserved stellar scintillation measurements taken in the
past. The appeal of the model lies in the fact that there is only one parameter, the root mean square wind
speed V, which characterizes thealtitude dependence of C,Z,. This parameter i# readily available for many
experimental sites and in particular it is available for AMOS, Finally, we note that it is expected that the
largest variability of C% is obtained necar the ground, the high altitude turbulence being insensitive to :
effects of local terrain. As is discussed below, the effecis uf low aliituwie turbuience have litiie eiiect in
producing scintiliation. However, both low and high altitude turbulence are important in producing optical
phase distortions. ;

P, NI DUy
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1I7. IRRADIANCE STATISTICS

In all cases considered here we are in the regime of weak opiical scintillation; that is, we nre in un-
saturated regime of scintillation where the results of the Rytov approximation apply. The regire of weak
acintillation is such that the normalized variance of log-amplitude, o}. is much less then ualey. In thia v
regime it is known (Ref, 6} that the probability diatribution of irradiance is log-normal (l. z., the natural U
logarithm of irradisnce is norraally distributed); that is, the probsbility density of irradiaice is given by Do

i E X
] . A [!nl+l/l tafo?+1)] : .
o Vir in (czl+—1) (l) . Zln a +l) o . .

where
i= z‘ils— s (8)

2.5_!52_.11)._ 9)

I is the instantaneous valuc of irradiance, and angular brackets den%te the enzemble average. Thue, Lo
the inatantaneous value of irradiance normnllzed by its mean, and 0f is the normalized variance of
irradiance. Examination of Eq. {7) roveals that the probability dhtrlbutlcm of normalired irradiance is

|
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characterized by the single parameter 0%, the normalized variance of irradiance,
For log-normal statistics, the normalized variance of irradiance for a point receiver is related
to the variance of log-amplitude, ci. by the relation

X2
g = expid Gl) 1

“‘“’tz' a} << 3

(10)

The introduction of the quantity ol as the basic parameter is8 operationally useful ae this is the quantity
that is usually measured. Thus for a given value of 09, the probability distribution of irradiance is
determined completely,

We next present expressions that relate the log-amplitude statistics to the index structure profile,
optical wavelength and propagation path, For weak scintillation conditiors the log ~amplitude correlation
function for a point (i, e., stellar) source at infinity is given by (Ref. ¢)

o0 o] Kz(h h.)
) u/sf 2 f .z[_ ‘1],
BA(p)—47r k” sec 6 A Cn(h)d.h DJO(Kp) On(K) sin” | ~oe—— -JKdK (11
1

.

where p i8 the separation in a plane transverse to the mean direction of propagation, Bis the zenith angle,
h, is the altitude of the receiver, k is the optical wave number (= 2n/\, where ) is the optical wavelength),
J, is the Besasel function of zero-order of the first kind, C%(h) is the index structure profile, and
@(k) = 0,033 K-11/3,

The variance of log-amplitude is then given by

. .\ 2 e o« \ %« 2 K - hy)
9y =B,(0)=4 7k sec ¢ . C,(h) dn o 9,(K) sin 1 KdKk
1

o (12)
0563k /% sec g “/“f o - 1 )% an
n. C:
1

Examination of Eq. (12) reveals that owing tn the n5/6 weighting function in the integrand, the value of ol
i determined primarily from high altit\ide turbulence. Examination of Eqs., (&) and (12) reveals that for
V 2 10 m/sec the main contribution to 0% is determined by the turbulerce near the tropopause, i.e., at
h - 10 kimn, The integrand of Eg. (12) has arelative maximum for h = 10, 83 km, falling to one-half ite
maximum value at h= 7,5 and 15,5 km, :

Equation (12) for 02, pertains to the statistics of iriadiance at a point. As the experiments at AMCS
were performed with a finite size receiving aperture, it is necessary in our analysis to account for
ay erture smoothing. As is djacussed below, the effecte of aperatirs smoothing are determined not only by
the log-amplitud: variance ct%but also by the shape of the correlation function B,(p). As such, it will alsc
be necessary to compute the full correlation function Balp) for p = D, where D is the diametcr of the
receiving aperture (= 35.6 crn for the AMOS experiments), This calculation is discussed in more detail
later on in this section,

Upon substituting Eq. {5) into Eq. (12), we find that the log-amplitude variance at a point is given by

- _ 2 R 7/6
012 = [4.14x10 z (117) +2.48 X 10 3] [ 0.5 ] sec 91176

N (micron)
(13)
-2 [ v\? -3
- 4.14%10 —2-,-1-) +2.48 X107, for A\=0.5 pm, =0

and is plotted in Fig, 1 as a function of V for the case X = 0,5 um and 6 = 0, In order to compare with

experiment, one must correct theee values for the smoothing effect of the finite size collecting aperture.
As alluded io above, acintillation measurements performed with a finite sized collector include an

aperture emocothing effect referred to in the literature ae the apesture averaging effect. Thus, the log-

amplitude variance obtained from 2 collector of diameter D, GIZ(D), is related to the corresponding point

log~amplitude variance by

2

’ (14)

where the aperture averaging factor A(S 1) is given by (Ref, 4) (we assume here that the collecting aperture

is circular)

2
UL(D) =ACQ

[ cox
A.a./o- é';(a)— ML(x) xdx (15)

where

(16)

Clp) = exp [4 BA(P)] -1 (7

and B, (p) 18 given by Eq. (11). Examinstion of Eqs. (11) and {17) reveal that the value of A depends on the
characteristic correlation length of the log-amplitude correlation function Pg. For D<«<py, A*>1land
there ie no aperture averaging effect, the receiver s cssentialiy a point receiver. On the other hand, for
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D2p,, several "independent'' fluctuations with differing eigns are collected, and they partially compensate
one another leading to a value of A < I, For uniform turbulence condition the amplitude correlation length
is of the order ViL, where L is the path length and ) is the optical wavelength,

Examination of Egs. (15) and (17) reveal that for B,{0) = 54 < 1 the value of A depends on the form
of the normalized log-amplitude covariance function b (pﬁ‘ =B, (p /0§ only. For values of V greater tlan
about 1C m/sec the dominant contribution to b, (p) results from the turbulence in the tropopause, i,e.,the
firat term on the right-hand side of Eq. (1}, In the experiments discussed below the value of V is in the
20 to 30 m/sec range. A8 a result, it can be shown for this case that b,(p} is nearly a universal curve;
that is, b,(p) is independent of Vior V210 m/sec, This implies that 1{‘ is nearly independent of V. These
results have been confirmed numerically for all values of V that were obtained in the AMOS experiments.
We {ind that A =~ 0.019 for the l4-inch diameter collector uszd at AMOS.

AVCC has performed scintillation measurements using a star sensor built by NOAA Environmental
Research Laboratory. This instrument consists of u 35.6 ¢cm Schmidt-Cassegrain telescope. When a
stellar source is received through this system, measurements of the spatial frequency content of the
atmospherically produced scintillation pattern are obtained. Details of the experimental apparatus and
results obtained are reported elsewhere (Ref, 5). We have chosen three separate days to compare with,
These days were chosen because the env'lronrncxgal profile C%(h) was also measured independent of the
optical measurements. Further details of the C& measurements are also given in Ref. 5.

The nights chosen to compare our results fe experiment are Nov, 17, 18 and 21, 1975, The experi-
mente were generally run between 1900 to 2400 hours local time.

The wind speed data, obtained through Maj, Jechn Madura of SAMSO, was taken at Hilo, Hawaii, at
2400 hours. Although Hilo, Hawaii, is about 100 miles from Maui, it is not expected that the values of V
over Maui were significantly different than those over Hawaii, owing to the fact that the main contribution
to V is at high altitude (5-15 kin) and the terrain between the two islands is primarily open ocean, The
value of V ottained are 21.3, 20,5, and 30.8 m/sec for Nov, 17, 18, and 21, respectively.

In Table 1 we have tabulated the values of cf obtained by AVCO at 0.5 um and the results of our
calculations,

TABLE 1
Log-Amplitude Nata Comparison
(D= 35.6 cir, A= 0,019)

alz. AVCO alz, Aerospace Corp., 6z 0
Date Range X 104 Average, X 10:‘ Average, xl('!-'l V (m/sec)
Nov 17 2.79 -~ 18,20 7.92 5.37 21.3
Nov. 18 2.28 ~ 5.03 3.76 4.95 20.5
Nov 21 5.17 - &.21 0,00 10.70 30.8

The AVCO data presented in the second column {5 a summary of twent{-}glnute log ~amplitude
variance measurements. The theoretical zenith augle dependence of (sec €) 1/6 was not removed by AVCO
because "all data wae collected on starts at low zenith angle (typically 10-20°, 30° maximum) and this
effect ahould not be large.” Our resgults are based on zenith propagation, i.e., 8 = 0,

No attempt was made {»y AVCO to compare their optical scintillation results to the corresponding
results obtained from the C& profile that was measured cn the dates of the experiments. Furthermore, an
analysis of the variance of the ¢ §f was not performed, although enough data was recorded so that this
inforrnation can be readily obtained.

Examiration of “sble 1 reveals that our calculated values of oi are in good agreement with AVCO's
measurcd values; in i'v0 cases the calculated values ia in the experirnental range, while in the third case
it is about 25% high, In view of the fact that some zenith angle biasing may be present [<(sec 30)11/6=1, 3]
and the experiments were performed cver several hours on each night, we feel that the results obtained
hiere are encouraging encugh to warrant further comparisong as mmore data is made available. We are in
the process of doing this.

1Vv. PHASE COHERENCE STATISTICS

Here we relate the cohereace diameter r, to the rms wind speed V and compnare these results to the
experitnental values obtained by AVCO during Nov. 17, 18 and 21, 1975,
The mutual coherence function can be written as

r 5/3
M) nexp J-3.44 (T) (18)
o

where the coherence diameter r is given by

o 3.44 ]”5
= Qo0
1.45 k% nec 0 f C:(b)dkl (19)
hl .

Exarnination of Ey. (19) reveals that in contrast to the case of scintillation, the ccherence diameter depeads
becth on low and high altitude turbulence (the waighting factor in the integrand of Eq. (19; being unity in tne
prosent casel .

AVCO's measured turbulence profiles averaged over the complete data runs taken or 17, 18, and 21
Nov. 1975 are shown in Fig. 2. The lowest height (15 m) dats points were obtained from the ground-based
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microthermal sensors. Data from 37 m to 2.5 kin were provided by NOAA from a reduction of their
(nighttime) airborne microthermal data, The line segmenis from 1 km to 24 km were derived fram Star
Sensor data and represent the approximate width of the weighting functions used in the data reduction. The
horizonlal scale is in height above the observatory which is at an altitude of approximately 10, 000 ft. The
tropopause height was determined from rawindsonde temperature profiles obtained from the two Hawaiian
Weather Bureau stations.

For comparison, the turbulence profile ueed for our calculation, i.e., Eqe, (5) and (6) are given by
the dashed curve in Fig. 2, along with the value of V for the date in question,

We have computed r  bascd on the assumption that the plane of the receiver is 10 m above local ground
and the use of Fq. (5) for ﬁigh altitude turbulence 2nd Eq. (6) for turbulence near the ground, The
numerical results for 8 = 0 are plotted in Fig. 3 as a function of V (upper curve), Also, we have computed
the values of rg based on Eq. (%) above and these results are also shown in Fig. 3 (lower curve). Exami-
nation oi Fig. 3 reveals that for 5 ¢ V < 15 m/sec the values of r  obtained by including turbulence near
the ground are within a factor of two to that obtained otherwise, For larger values of V, the cerresponding
values of r  approach one another asymptotically. This is expected since for large values of V the main
contribution to r, results from turbulence values at high altitudes.

The use of Eq. (6) for low altitude turbulence values may not be representative of thre conditions above
the AMOS site as it was developed from measurements over different timmes of the year, 7Thusa, it should
represent, in our opinion somewhat of a worst case estimate of turbulence above local grourd and is used
here as such. The values of rj obtained by employing Eq. (6) represents a worst case estimate at low
values ol V(< 15 m/sec), while the valuesa obtained for large values of V should be looked upon with less
uncertainty,

In suminary, for small values of V {i.e., low integrated turbulence strength) the predicted values of
r, are to be regardad as a lower limit with the real value being as much as a factor of two larger. On the
other hand, for large values of V (i.e,, high integrated turbulence strength) the corresponding uncertainty
in the predicted value of r  is much smaller thaa a factor of two; that is, the confidence by which we pre-
dict r is larger for strong turbulence conditions than it is for weak turbulence conditions,

AVCO's average measured values of r at 0,633 um and 6 = 0° and the correspcnding values obtained
from the measured turbulence profiles are presented in Table 2 along with the results of our calculations.

TABLE 2
r, Data Comparison, X = 0.633 un

AVCO AVCO, From Measured Aercspace
Seeing Momtor, 'o (cm) Turbuleuce Profile,
Date Range Average r, (cm) L {cm) .V (m/sec)
Nov 17 9.3 - 13.5 10.4 25.7 17.1. 21.3
Nov 18 ] 13.3 - 18.2 15.4 24.9 17.4 20.5
Nov 21 9.4 ~ 14.4 11.8 16.6 144 30.8

The corresg)onding value of r_at X = 0.5 m are obtained from those given in the taule by multiplication
by {0.5/0,633)0/5 = 0,75. Examination of Table 2 reveals that our values of r, are in fair agreement with
the experimental value, On the other hand, AVCO's calculated values based on the measured turbulence
profile are larger than the measured value by a tactor of 1,5-2. -

Note that for the three days considered the measured average values of r , are somewhat less than
the correaponding calculated values. At this point it i8 not clear why this shoufd be the case, although it
may just be an artifact. Although the airborne microthermal prove measurement of Cj between 37 m and
¢ kmn above the AMOS site were perfovmed at night, the airplane was not directly above the moutain_top,
but instead was slightly off to one side. This suggests that the lower altitude measured values of C4 the
AVCO calculated value of r is about a factor of two too large. We wait with anticipation for reliable low
altitude C§ prefile measurements above the AMOS slte (i.e., from the NOAA acoustic sounder). On the
other hand, we arbitrarily used a model of low sltitude turbulence that, etrictly speaking, applies (if at all)
to conditions over level ground near sex level, For the valuer of V that applied, the contribution to r
from turbulence in the first three kilometere above the site is about equal to the correspording contribution
from turbulence in the tropopause (See Fig. 2). On this basis we would expect that an r calculated with
such a turbulence profile would result in too small a valuc  Since our calculated values of r, are a little on
the bigh side, we are left in a quandry. Rather than specuiate we defer further discussiona on this point
until more data is analyzed,

Based on our results obtained for the thres dates in question, we are encourauged to rnake further
comparisons with more data.

In conclusion we are cautiously optimistic about the use of the model of C% used here to obtain phase
end log-amplitude statistics. Mu e data comparison is clearly needed until the generai uae of the model
can be ascertained. In particular, it is very desirable tv cbtain wind speed data that pertain to the time and
location of the experiment, We have been in contact with P. Zieske, AVCO/Maui, and he is in the process
of seeing what can be done for the experiments that wili be performed at AMOS this epring and summer,
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Fig. 2a Turbulence Profile va. Height Above the Observatory - 17 November 1975, Ground
Based Microthermal Data = ; Airborne Microthermal Data = +; Star Sensor Data =
++. Estimated tropopause height of 11-55.5 lan. The dotted curve is the sum of
Eqgs. (5) and (6) for the value of V indicated.
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Fig. 3 The phase ccherence diammeter A = 0.633 ym as function of rms wind spved. The
upper curve is based on Hufnagel's model for high gltitude turbulence while the lower
curve includes the contributicn from low altitude turbulence as given by Eq. (16).




DISCUSSION

R.A McClatchey, US
Why is it that C,’1 -Profile does no¢ depend on deviation of wind speed from somne uniforin mean speed, and on the
vertical stability of the atmosphere (e.g., temperature gradients)?

Author’s Reply
As discussed by Hufnagel in 1974 (Ref. 1), the model is purely empirical and it was found that about 70% of the
optical data he looked at correlated well with the rms wind speed. Recent work of T. VanZandt and K.Gage (of
NOAA) on the vertical profilc of Cﬁ in the microwave region is bascd on a modei of vertical stability and shows a
somewhat different profile which scems 1o compare well with radar backscatter measurements of C2.
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REAL TIME SIMULATION OF TURBULENT
ATMOSFTHE RIC PROFAGATION

I.D. Lyon,

British Aerospace Dynemics Group,
Bristol - Stevenage Divislon,
Stevenage, Herts. S71 2DA
England,

SUMMARY

Simulation of turbulent atmospheric propagation during the development of a tracker can reduce the amount of field
trials necessary. A particular beacon/tracker system is described followed by the simulator requirement and its
realisation, Finally the uilisation of the simulator is described.

INTRODUCTION

In many defence applications there is 4 need to track the position of one’s own vehicles. These vehicles can be
remotely plloted vehicles, gulded weapous or similar. This peper describes an optical tracking system using a
vehicle carried xenon-arc pulsed beacon operating in the near Infra-red. To avold exiensive field trials during
hardware development, a simulator was bullt to give statistically repeatable effects of the atmospheric propagutlon,
turbulence, and beacon motion.

SYSTEM

The optical tracking System comprises a vehicle carried xenon-arc beacon, pulse modulated al a precise frequency
and a static, near infra-red, four quadrant (8 element) tracker. Analog voltage signals are provided by the tracker
which are, within Lunits, proporticnal to the off-axis cartesian coordinates of the beacon. Thesc voltages would
normally be used to Servo drive the tracker to maintain the beacon image on the optical axis. In order to maluain

the signal to noize ratlo as the beacon range incresses, the tracker optics are varied to lacrease the beacon to buack-
ground ratto at th. detector. Automatic gain control stebilises the gain about a reference level which can be externally
adjusted to follow the field of view size.

Beacon
deacon

Figure 1 shows the xenon-arc bescon which 1s fairly conventional. Pulse energy is held constant to within 1U%, for
periods long compared with the turbulence, Longer termn drift s ineviiable as the flashtube lifetime is used vp, In
order to achieve a compact beacon, a new flashtube wes developed wiich fits axlally into a complex solid of
revolutic reflector. The refiector is required to give a substantially constant output over a large cone angie.

Tracker

Figure 2 shows the optical tracker. To reduce the nolee in the procersing system s the beacon range increases, the
detector iteld of view is reduced. The first :eduction s made by the zoom lens. Further reduction 18 made by an
adjustable field stop in the focal plane of the telescope. Also at the focal plave is a fibre optic diffuser. Vignetting
s minimised to keep the tracker tranofer function as linear as possible over the angles of interest.

The static split silicon detector quadrant differences are normallsed us usual in the signal processing to provide the
error output Signals. Channel width effects, glving dead areas between quadrants are minimised by irradiating a
relatively large detector area via the fibre optic diffuser, which provides a uniform circular spot. To maintain the
transfer fuuction slope, the Bpat size is varied by moving the detector relative to the diffuser as a functlon of tield
stop apcrwure. The diffuser also gives the taportant advantage of minimlsing atmospheric scintiilation, so that
varietions in lntensity distribution across the lens aperture do not affect the tracker’s output,

Both inner and outer quadrant signals are amplified until the beacon spot, decreasing with range, covers orly the
inner quadrants, Then the outer quadrants are disconnecred and only the inner quadrant signals are ampiified,

The dark current noise of the non-irradiated outer quadrante is then eliminated. The detector cell geometry is also
shown la Figure 2. Insulating chanuels divide the cell into quadrant elements. The silicon photodetector can be
thermo-electricaily cooled to keep it below 440 degC in hot environmews.

Tracker Electronics

Figure 2 {llustrates the general signal flow through the tracker. The servos which adjust the reiescope zoom, focal
plane stop, &nd detector are not shown, Four head amplifiers are provided, one for each quadrant patr of tnner

plus outer, Sclection of either inner or inner plus outer is made externally, again as a funcilon of range. Ilmpedances
of the amplifiere are simultaneously changed to match the detector areas and flelds of view.
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Following the pre-amplifiers are the sum and difference amplifiers giving the raw X and Y errors. The sum slgnal
{8 peak detected In each pulse cycle. An adjustable fruaction of the difference between successive peaks 18 fed back
to aker the system gain at a proportional rate. Excessive automatic gatn changes due to «tmospheric turbulence
modulation are avoided, Part of the simulaticn function is to optimise the automatic gain function in the laboratory
without prolonged ficld rrials. ‘

'Integration and hold' maintains the beacon signals between pulses. Finally the difference signals are divided by the ' *
sum signal to normalise them. <

Figure 3 ls a photogriph of a tracker development model with laboratory packaged electronics beside tt, Figure 4 ]
shows the Inside of the tracker. Fixed focal length lenses were used at this stage.

SIMULATOR REQUIREMENT

The simulator {8 designed to be compact, portable and self-contalped. Its major capabilities are:-

* beacon renge variations:

From 100 m to 4 km.

There 18 no requirement to vary beacon image size with range. Only the slope of the tracker transfer function
le affected, whick does not matter since the irucker output signale are monitored and not fed back at this level of
testing.

beacon movement:

A beacon can move in a circle about the tracker optical axis, providing sine wave of variable amolitude end
frcquency in the tracker X and Y channels, This function does not vary with range.

* variation in meteorological visibility:
Visibilities of infinity, 10 km, 8 km, 4 km, 2 km and 1.2 km uslng 5%, definidon,

effect of atmoapheric turbulence:;

Time varylng amplitudes of the simulated beacon puloes secn by the tracker to have a log-normal dietribution
such that 95% of the pulse amplitudes lie within +1:1 (= no turbulence), or + 1,414:1, or +2.236 or * 5:1 of the
mean value, as required (l.e. from 1/5 mean to 5x mean),

PR WS

* background {xrradiance: o
A beckground irradiance on the tracker focal plane of 0 to 26 Wm “ In the band 0,75 pm to 1,1 pm,

ATMCSPHE RIC MODE L

tically test the tracker, Vehicle alrizudes are predominately below 30 m In the current application ard therefore

1
i
1
The atmospheric model was chosen for its simplicity to instrument, yet including enough relevant factors to realis- |
1
the sightline is essentially harizonial through the atmosphere. 1

q

‘The mean power received by the tracker from the beacon is given by:

where [ is the mean radiast intensity over the spectral band ’
D {s the tracker objective lens dlameter
R {e the beacon range
¢ is the mean atmospheric extinction coelficient o
(= 3 + metsorological viaibiliry)
AX\ is the spectral band

Z ia the normalised fading parumeter due to atmospheric turbulence which is & lognormal randem !
variable with probability density function:

,2 2
1 |1 @)+ 2 }
p@) = -exp’- ) t
20

\/2—;02

where ot is the normalised log-intensity varisnce.
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Pulge to pulse correlation g provided by lov pass filtering of the whiie nolse generaivr from which the lognormal
function Z {s derived. Siugle order filters with 3 dB polnts 1,95 klz, 370 He and 62.4 1z are selectable. The
filters slmulate a range of cluged loop lags {n the overaul tracking system.

DESCRIPTION OF SIMULATOR

Optics
The basic optical schemc 1o shown fa Flgere S.
Light emitting dlodes (LED) are used to elmulate the beacon and a tungsten halogen lamp the sky background,

Due to the large variation in ixsacon brightness required, two LED's are provided. The ohort range LED changes
over to the long raange LED at approximately 1.5 km. The differcnce tu optical transmission between tie pathis I8
ebout 130. Although the exact chengeover distance is not critical, the brightness and optical superposition ave
important. The diodes are 0.5 mn square with a substzntially yniform intensity in the ferward hemisphere,

The LED rays reach the tracker via beam splitter 2 and mirror 2. Mirror 2, which is flat, 1= rounted on a patr of
circular wedges. Relative preadjustment of the wedg. s tilts the mirror with respect to its mounting shaft. This
shaft is driven by a varlable speed motor, causing the beacon image to circle the tracker sightline. One degree
movement between the wedges changes the mirror inclination by 1 mrad,

The tungsten halogen larap is driven from a varlable constant current source to provide the sky background, This
fllum'nation ceaches the tracker via a diffuser and lens 3.

Meteorolegical visibility effccts are gencrated electronically as described kelow. Figure 6 is a photc graph of the
complete simulator with a 30 cm ruler alongside.

Electronice

A simplified electronics block diagram 1is illustrated in Figurc 7. For stmplicity the sky background electronics are
omitted,

For a stable 2lmulator, needing Infrequent calibration, great care was taken to ensure low thermal and ageing

3. . ¥ o i — an T B U P ST § NSO T NURY VR PRNNRY X POy Y SR P N #lon bmm Vdeam ol s lran mlaonAl
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and generator, which is crystal controlled, is followed by & shaper which slmulates the xenon-arc beacon response.
The shaped puise 13 then amplitude modulated in proportion to the control signal Z (exp (-v R))/ Rz. After the LED
driver, a changeover relay operating at 1.5 km directs the pulse current to either the long or short range light

emitiing diode.

The range signal foc the purpeses of simulation 18 generated open loop, by a ramp voltuge. Range changeover at
1.5 km 18 also provided. As well as switchinyg the LED's, the changeover also selects pre-set adjustments in gaing
so that the inteniity percelved by the tracker does not alter at changeover,

Following the upper linc from the Range Gencrator, the first block 18 a switched attenuator slmulaiing the various
meteorological visibillties required, The resulting R 18 exponcnilated by the eV18 piock whicl, 1 based on a diode
voltage-current characteristlc, Gain adjustment for range changeover matcking follows.

A divider nroduces the inverse square law from a squarer (an) followed by another range changeover gain adjustment.

The divider output: e 9R/R? 18 then multiplled by the turbulence fading factor Z which 18 gencrated as follows. A
white .olse generacor has an output flat from below 25 Hz to 37 kHz dropping ut 6 dB/octave thereafter. The band
pass fiiters are arranged to all have the same r.m.s. output . Selection of a particular filter gives cholce of pulse to
pulse correlation us described in the atmospheric model above. The fiitered nolse 1s amplified to different levels
such that the final turbulence fading factor Z hay 95% of pulse amplitudes between extremes which are harmonically
symmetrica) about the mean. The extremes selectable are + 1:1 (= ne turbulence), +1.414:1, 42.236:1, and +5:1.
Thus + 5:1 gives max/inin amplitudes of 25.

Another e-Vln gene rator shapes the filtered noise discribution to lognormal. Finally the mean level change caused
by the e~Vin genemator {3 removed by the turbulence selector, giving the normallsed tarbulence fading factor Z,
Zand e-’R/R2 derived above, are multip''ed toycther and via another rangs changeover gain adjustment, amé applied
to the pulse amplitude modulator, which has greater than 1000:1 dynainic range.

UTILISATION OF THE SIMULATOR

Woraening range, visibllity and turbulence combine to degrade the performance of the tracker. A convenleat para-
meter for aesessing the performance i¢ the ourput noise power spectral density of the tracker error outputs,

The error outputs arc measured by a true r.m. s, voltmeter with a 1.6 & time constant, via a 20 H1z low pass filter,
A 5th order Butterworth filter was chosen te give a well defined cut-off. Each reading in volts r.m,s, Is the average
of 10 samples. Tle readings are thzn converted from millivolts to miiliradlans by the cailhrated transfer fuaction
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slope of the tracksr, To compare these results with theoretical ﬂgulies. the r.m.s, errors are converted to power
spectral density by squaring aud dividing by the bandwidth in rad.s™ .

2
The units are then radians /radlan/sec. a8 previously described, the coistant simulated beacon lmage size keeps
the transfer function slope constant.

Comgarison of practical #nd theoretical results for a partlcular tracker showed agreement within 1 4.4 dB over a
theorerical range of 20,G00:1 in power.

Due to the difficulty of thzoretically piedicting the expected performance of the tracker in turbulence conditions,
correlation of practical and theorctical results {8 not yet established. However, one of the purposes of the simulator
15 to overcome this difficulty, Field trials results were analysed to establish the extreme range of correilation times
and turbulence variztions to be included in the simulator,

Simulation of beacon circuldr motion at different amplitudes and frequencies enables the tracker's transfer function
to be quickly established. This facility ls particula:ly useful fur mapping the edge of the vignetting, where the trans-
fer function slope becomes non-linear.
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Fig.3 Tracker and electronics
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DISCUSSION

M. Tavis, LS
Are clouds taken into account in the background simulation?

c —— N

Aathor’s Reply
The tiacker has a diffuser in front of the detector which averages the sky background across the aperture. For
simulation it is sufficient to provide a diffused, substantially even, background.
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TEMPERATURE TURBULENCE MEASUREMENTS AT AMOS

Donald W. Hanson
Rome Air Development Center
Griffiss AFB, New York 13441

SUMMARY

Atmospneric temperature turbulence is created by random, small scale, nigh frequency fluctuations in air.
This turbulence degrades the performance of optical systems which image through the atmosphere. Exten-
sive theory has been developed which retates the propagation of light through the atmosphere to the tem-
perature turbulence. Measurements of the temperature turbulence above Mount Halzakala on the island of
Maui, Hawaii have been made. The emphasis of these measurements has been to measure vertical profiles

of temperature turbulence, however the inteqrated value of the profiles has also been measured. The mea-
surement data has been compared with existing models.

1. INTRODUCTION

Atinospheric temperature turbulence is created by random, small scale, high frequency temperature fluc-
tuations in air. This temperature turbulence degrades the performance of optical systems which image
through the atmosphere. Extensive theory has been developed which relates the propagation of Tight
through the atmosphere to the temperature turbulence,

1.1 Temperature Turbulence
Temperature turbulence can be described by its spatial structure function, DT(r). as shown below:

> >
R op(r) = {T(ry) - T, 0% .
w-ere T(ry) is the temperature at ?,, T(Fz) is the temperature at ?2, r= |r1 - r2| , and the brackets
< A indicate an ensemble average. It 1s known that, for certain conditions

/
2 ve/3

where C—z is called the temperatur
tempera&ure t -tulence.

1]
"
-
=
5
-+
=3
[1-

parameter. (. thus provides a measure of the level of the

1.2 Optical Propagation

The temperature turbul-nce described above creates changes in the refractive index of air. The spatial
structure function for changes in the index of refraction of air, Dn, is diractly proportional to the
temperature turbulence structure function, thus

s 2 /3
On(r) Cn r
wihere C: is callgd the refractive index structure paramcter and has units of m'2{3 The relationship
between C% and Ct at a wavelength of 1ight of 0.5um is given below:
: L sp12 2
= |_79.2 x 10 __l o
Tz

whare p {is pressure in mbar and T is temperature in °K. c2 thus provides a measure of the degrading

effect that temperature turbulence will have on 1ight propagating through the atmosphere, As CZ increases
the degrading effects on light beams preopagating through the atmosphere increases. A basic parﬂnwter,

r . can be used to determine the performance of optical imaging systems when vfew!ng through the atmos-
pﬂere (Fried, D.L., 1966). The parameter o in units of meters, is related to Cn a5 Sshown below.

2m \ -3/5
ro = [423 (2%) ofclﬁ (2) d‘]

W nr? A 1s the Yavelengéh of liﬁht. L is_the length of the optical patk through the atmosphere, and
chlz) 1s ihe value of at each point along that patn. The significance of r_is that it can be

thought of as the diffraction 1imited aperture of the atmosphere. For te1escoBes with diameters smalier
than r,, imaging performance which 1s directly related to telescope quality can be expected. For tele-
scepes with diameters greater than ro imaging performance 1'mited hy an effective aperture of the size
of ro can be expected,

2. Measurement Program
Measurement of the atmespheric turbulence above Mount Haleakala on the island of Mauf, Hawati have been

conducted over the past several years. Emphasis has been placed on measuring vertical temperature tur-
bulence and ro. Both measurements are made using ground based sensors (Miller, M.G, et al, 1976).
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2.1 Measurement of Profiles

The turbulence profiles were measured with an instrument called a Steilar Scintillometer. The instru-

ment was made by the Wave Propagatinn Laboratory of the National Oceanic and Atmospheric Administration
of the U.S5. Basically the instrument measures stellar scintillation as a function of spatial frequency
to estimate the strength and location of the turbulence causing the scintillation. The instrument pro-

vides data from 2.5km up through the atmosphere. A detailed description of the instrument can be found
in Ochs, G.R. et al, 1977.

2.2 Measurement of r,
The parameter r_ was measured using an instrument called the Seeing Monitor. This instrument wus built
by the Hughes R8search Laboratories. This instrument measures the atmospheric Modulation Transfer
Function, From this data an estimate of ry can be made. For a complete description of this instrument
see Giuliano, C.R. et al, 1976.
3. Turbulence Models
3 Prafile Models
Based on empirical data Hufnagel has developed a model for temperature turbulence as shown below
(Hfunagel, R.E., 1974),
- 2 -
¢ = [(2.2 x 16753 W19 (ur27)® exp ("M71000)
+10716 exp (-h/15008 exp r(h,t) m2/3

Where:
h = altitude above sea level in meters
20x103 1/2
2
W : [ ! V2 (h) dan ]
15x103 [ 5x103

V(h) = wind speed at altitude h m/sec

Tne parameter r(h,t) is a zero mea: Gaussian random variabie with variance 2. Complete details on the
covariance function of r(h,t) are given in the Hufnagel reference, The mean value of C% predicted by
the model is given below:

2 = (6.0 x 10°23)n'0 (-3‘;7)2 exp (""/1000)
+2.7 x 10719 exp (-h/1500)

Since the probabiiity densiiy function associated with exp {rin,t] s skrewed rhe mean value is not
necessarily a good description of the density function. The median for C% is given below:

2

¢ = 2.2x107% M0

72132 exp ("P71000)
+107"% exp ("M/1500)
3.2 ro Model

Based on empirical data Fried and Mevers have proposed the following model for the median of [P
(Fried, D.L. and Mevers, G.E., 1974).

27 3/5 -3/5
r, - 14 (A /5.5 x 1077) (sec o)

vhere ' is Yog-normaily distributed, ¢ is zenith engle, anu one standard deviation factor 1s x1.36.
4, Results & Analysis
4.1 Profile Data

Measured temperature turbulence profiles arc shown in Figures 1-4. These profiles are an average
profile for the entire evening. Also shown in the figures are the mean and median values predicted
by a slightly modified version of Hufnagel's model. Rawinsonde data, from launches made at Hilo,
Hawaii, were usad to calculate W in the Hufnagel model. The profile data was typically take: within
four hours of the rawinsonde data. The rawinsonde data was provided by USAF Environmental Technical
Applications Center {ETAC). Tne model was found to provide a better tit to the measured data when
the altitude, h, was taken to be the height above Mount Haleakala (3,000m). From previous data
better agreement between the Hufnagel mode! and the measured profile data was expected, However

an error has been discovered in the eariier cdata which negates that agreement.

i e e e




44.3
4.2 ro Data

The parameter r, has bcen measured at various times throughout the year. Data for the pericd

'1 November 197g to 12 July 1976 is shown in figure 5 (Miller, M.G. and Zieske, P.L. 1977). The

solid line is a least square fit to a Gaussian cummulative density curve. This data has been replotted
as shown in figure 6 to see how well the data might alsc conform to a log-normal distribution,  The
correlation coefficients for the fit of the regressfon to the data is ,984 for the normal distribution
and ,985 for the log-normal distribution. 7The cummulative probability density thus cenforms to & log-
normal distribution as well as it does to a normal distribution. More r, data has been collected since
13 July 1976, In total 670 measurements of r_ have been made. The range of measur;d r, values has been
fram 3.6 to 17.8cm with a mean value for the 870 data points of 9.8cm, at 1=5.0x10 /m. The Fried and
Mevers model predicts a median value of rq=10.8cm. The cummulative probability density function of the
data taken since 13 July 1976 has not yet been analyzed.

5. Conclusions

More work needs to be vone before a model for the temperature turbulence profile above Mt. Haleakala can
b2 developed. The "o data is in reasonable agreement with the Fried and Mevers model.
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DISCUSSION

M.Tavis, US
I note that your comparison is good fer low rins wind specds and very bad for high values.

Is the acoustic spunder operating now?

Author’s Reply

The acoustic sounder data has not yel been analyzed. We intend to publish further work in this area when this
data has been analyzed.

J Ritiger, FRG
(1) Do you include wind shears to predict the C}-profile?

(2) It should be checked if the discrepancy of predicted and measured C3-profiles at greater heighis might be

explained by the possibility that at these heights the turbulence for these very short wavelengths is no longer in
the inertial subrange.

Author’s Reply
(1) The rms wind speed is calculated using a2 wind speed profile. Changes in wind directicn are not included.

(2) I believe that proper theory has been used in the developing of the instcumentation used to measure C2.

R.A McClatchey, US
It seems to me that models of turbulence sheuld depend on vertical wind shear and vertical temperature gradients
and not only on wind speed. Perhaps differences between measurement and Hufnagel model could be used to
generate a somewhat more sophisticated model, still dependent on ordinarily measured meteorulogical parameters.

Author’s Reply
Oiiier more compiicaied modeis for turbuience profiies do exsst which include the parameters mentioned above.

L.W.Barclay, UK .

I note that there is a change ir the ordinate scale in Figure 4. In the four days of results, there is a much bigger
change in the model than in the measurements for heights above 10 km. Would you confirn this?

Author’s Reply
The ordinate scale in Figure 4 is correct.
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SUMMARY OF SESSION X
EHF PROPAGATION
by

Dr B.Van Djjl
Session Chairman

The need for reliable means for the design of radio systems, is extending more and more to the higher frequencies.
This statement was true 40 years ago, it is stiil true now. At that earlier time the higher frequencies were in the VHF-
bard (30 - 300 MHz); now they are in the EHF-band (36~300 GHz). To spend one session on tiis latter band, is
timely; to accent for this session also papers dealing in part 0. mainly with the VHF- SHF-bands, was a wise decision,
since it appears that still a lot can be lcamed about the properties of the propagation medium for those lower frequencies.

In the paper by Liebe and Hoppenen, dealing with the frequency range 20 < f < 300 GHz, it is shown that for an
assumed clear, inhomogeneous, nonturbulent atmosphete, it is possible to predict with sufficient accuracy the behaviour
of the medium for a radio wave under various slant path angles.

The data presented in the paper by Fluess, for the frequency range 1 <f < 300 GHz, are under same assumed condi-
tions as above, in agreement. In this paper however also the type and probability of precipitation and clouds are taken
into consideration for their effects on the transfer characteristic of the atmosphere.

‘I'he paper by Maseng and Bakken, considering a St ochastic Dynamic Model of Rain Attenuation, is based on the
work of S.H.Lin, who has shown that rain attenuation in dB is lognormally distributed. By the introduction of one extra
paranicter, not only the stationary properiics of rain are taken into account, but aiso the dynamic behaviour. The latter
is done in order to be able to ofiset the effects of train atienuation by power control of the satellite communication
system.

The paper by Johnson and Gierhart deals with a propagation model and a computer programme for the frequency
range 0.1 <f <20 GHz. The model includes allowances for: average ray bending, horizon effects, long term power
fading, vertical plane patterns of antennas, surface 1eflection and tropospheric multipath, atmospheric absorption, iono-
spheric scintillaticns, rain attenuation, reflection from an elevated counterpoise, smooth earth diftraction and forward
scatter,

A computer-based propagation prediction programme is discussed in the paper by Palmer. It provides an accurate
means of predicting coverage areas for VHF and UHF systems. A topographic dati-base ¢nables detailed path-loss or

ficld-sticiptli calculation iv be carred vui in the Giiawa region. This data-base can be extended 10 other areas of Canada.

The paper hy Maguinaud aims to determine the preferred traasmission procedure for a digital tropospheric scatter
circuit at a frequency of 6 GHz over a distance or 135 km and a bit rate of 10 Mb/sec,
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ATMOSPHERLC MEDIUM CHARACTERIZATION AND MODELLING

OF

EHF_PROPAGATION IN AIR

H. J. Liebe
Institute Zor Telecomnunication Sciences
National Telecommunicatione and Information Adminisiration
U. S. Department of Coumerce
Beulder, Colovado 803G3 USA

and J. D, Hopponea
Lochheed » seiles and Space Company
Sunnyvale, California 94088 USA

SUMMARY

It 1e possible to pradict the behavior of an EHF (freyuencies up to 300 (Hz) radio wave transvers-
ing a c¢lear, inhomowenenus, nonturhulent atmosvhere a: various slunt path apgies 8. Knlecular ahsorotion
spectra of major (0,, H,0) anG minor (e.g., 0,, CO, N,C) air constituents cause frequency dependent
signal attenuation, phase delay, ray bending,”snd medfum noise. The interaction between radiation
and ailr is expressed through a complex tefractivity N, which 18 = function oi frequency v, total
pressure p, parfi{.) water vapor pressure p, , temperature T, earth wagnetic field strength H (02-Zeema9
effect), ané tiace gas denaities. The N-calculation takes into account 36 O llnea, 6 4,0 1inés
plus a2 nunrescnant spectrum, and, if needed, includes tyace gas spectra (>10 s 2C0, b4 wzo
lines), which are generally very weak. The calculation scheme has been verifieg to a large e€xteat by
recent laboratory meacurements of the 22 Gz 1,0 line, and the 60 GHz 0, band plus 119 GHz line spectra
(L1EBE and GIMMESTAD, 1978). Assuming a disterution of the gas variables lor neutral air (h=0 to 100 km)
as a function of height and the radio path geometry {ground-to-ground, -aircraft, -satellite, —cuter
space) provides the basis for calculating the various pror.gation effects. The helght distributicns
plh), Pw(h)' and t(h)=300/T may be obtained {row in situ data (e.g., radiosonde) or from models simy-
laring atmuspheres 48 a function of altituda, latitude, and season (NOAA, 1976).

2 tractable propagation model emplovs a sphwuvically strarified atmosphere ("onton-shell" model of
thin quasi -~ homogeneocus layers) to “e suenable to computer calculations of five integruls: cumulative

attervation (i.e., transmittance), radio range, curved path lengrh, and nolse temperature dus tc up-
walling and dm.muoﬂ{no vradiatinn Tnees invtegrala are evalusted bty numerical 4ntearation applving the

.................... egration spplying
Romberg wethod to opcimlze computer time, Low ( 6<1°) elevation angie cases eapiny an analvticai app:oxi-
matlon to circurivent numerical instabiliries. Since the integration method uses tiner steps thaa the

input data provide, interpolat’on is applied for interwediate values of N(v,p,t,H,p ). Various aspects
typical of EHF propagation will be exemplified by giving results for specific cases.

1. INTRADUCTION

The relatively stable neutral air mass represents a unique filter over the EHF (20-300 GHz) range
with tranefer, shielding, &nd emission properties caused by microwave specira of oxygen, water vapor, and
trace gases, nc* found at any lower trequency. The spectra cause selective attenuation, transit time
variaticns. and increases in the background noise affecting amplitude, phane, and direction of propagating
radlv waves 38 well as iimiting their detectsbility. Coniidence in EMF system design and reccomen-—
dations on tne optissm use of sperific EHF bands hiuges on the ability to predict atmo~
spheric propaga<ion effects. Those inkerent to tie pisecus atmosphere are of foremost importancc since
they are alwaya present.

Any s8i ‘ulation of radio wave propagation requires an accurate correlation between the physical
state and the electromagnetic properties of the medium. Thus, EHF applications are dependent on a
descriptinn of the somewhat complicated interaction between millimeter waves and the molecules that
comprise th. atmosphere. Scattering io neglected since the air wass ie assumed to be calm and
clear. The primary motivation tor the werk Jescribed here is to translate molecular spectroscopy into
an enginreering data base which, in turn, is spplied to generste attenuation, phase dispersion, and
enlssion ra“es for modelled radio paths within, into, and through the neutral atmosphere (h=0 to 100 km).
The complex refractivity N in parts per mlllion (ppm) 1s & suitable measure of the interaction. Over the,
EHF range, scveral air molecules (0., H,0, O 3 C0, N,0, and other trace gases - KOLBP et al,, 1977)
eshibit wre than 500 spectral lines 1eadin° to a co%plicuted expression for N.

For the spectroscopic basis >f wodelling N we resorted to s variety of sources (LIEBE aod GIMMESTAD,
1978 and references therein), including the October 1977 version of the Alr Force Cambridge
Research Loboratory abaorption line parameter compilation (sboreviated ALPC) tape (ROTHMAN and McCLATCHEY,
19/6). The first problem 18 to express N av & functicn of the folloving veriables:

N
dvy sir pressure pih) 105 to 10- ?a (Pagcal ®= N/a“ = 0,01 wbar),
water vapor pressure p (h) < p(t) S 6kPa ,

temperature parameter tTh) « 3cl/1 0.9 to 2 , -5 .
esrth magnetic fleld strength H 2to08x10 " T (Tesla = 10 ' Gause), (1)
frequency v 30 to 300 GHz ,

slent angle of vadio path 0 ¢ to 90° m zenith ., *

The various trace gus spectrs (e.g., 03. co, “20)' which require additional varisbles, will not be
tceaced In thie paper.

e
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The EHF ref{r~ctivity W e formulated in Section 2. Accurate knowledge of N(v, p, py, t, H, trace
gas density) due to detectable atmospheric sbsorption linea is important in various radio scilence
fields (e.g., wave propagation, remote sensing, radio astronomy). A little-undeirstood anonalous watelr
vapor absorption, particularly noticeable in the four window ranges (30-50, 70-110, 130-160, 220-280 CHz),
introduces some uncertainty into the otherwise well confirmed calculaticn scheme. In Section 3, the
second problem is addressed by numerical experimentaticn, namely radio pavh behavior modelling for various
assumed geometries.

2. SPECTROSCOPiC BASIS
2.1 Formulation

The complex EHF refractlivity cen be expressed as
N~ Ng + I (5,100 + N+ j{Xi(SiF'i') - } {pp) , 2
vhere NO is the frequency-independeat refractivity of moist air,

Ny = {2.589p + (2.39 + 4l.6t)p It (ppm) . 3)

The frnquency~dependiat mclecular spectra are of two types:

(a) the line spectra of absorption (amplitude attenuation) SF" and dispersive refractiom
(nonlinear phase shift) SF' with a atrength S in urits of kHz and shape factors F' and F"
in units of GHz™+; the sums range over all spectral lines gilven in Tables 1-4: and

(b) nonresonant water vapor spectrum N’ and H: due fo wing terms of very strong infrared
lines plus additional contribut’lcens not fully understond.

Power attenuation and phare delay rates, the standard propagation factors, are simply

e = 0.1820v Iu N (dB/km) , (%)
¢ = 0,0209v Re N (radians/km) , (5)

where Im stands for 'imaginary part of" and Re fur "real part of".
2.2 Shape Functions
Common to each spectroscopic feature 1s an intensity-versus-frequency distribution functlos, rhe

shapes F'(v) and F'"(v). For h<20 ks, resonant and noaresonaut spectra ¢ilst. Thelr shape functions sce
(ROSENKRANZ, 1975):

(rescnant) (nonru8onant, Debye shape)
v (v, - v) +vyL (v, + v) + v1 ”
) _(_)F e } IR ST (6), (73
: ; - S g . -
Vol b Vg W+ y (vo + VT oy
VAl v ~ (v0 -v) T Yy - (vo + V) I " 2
rg -f— 7 5+ = 5 Fo o= /(v + I, (8), (M
Yo | (v0 ~-Vv)T +y (vo + V)T 4y

which Introduce the spectroscople parameters center frequency Vor widths v, 1", and overlap interfecence 1.

For h>20 km, only isclated resonant linea are present, spread over a megahertz {requency scale.

Equations (6) and {8) reduce to Lorertzian shapes

' ; 2 2 o . 2 2
F) = (vo =V lvg = VT Y ] and ¥l . Y/{(uo BV R B2 R § 113}

Peak dispersion at vV = v ¥y and maximum absorption at v=v, are given by

0 0

AN, = S/ 2y and NO" - 5/Y (ppm) . (11}

For h>40 km, further dacresse in pressure converts the presaure-brosdened loventzlan 1mic & Dopples-
broadened Gaussian with a different width

- =6 Y Gz 12
T, = 6.20 107V, /fH T (Guz), Qan

where M is the moiecular welght (e.g., OZ:H-SZ, t=l, vo-aﬂ GPz, Yn-bb.o Wiz). The convolweion of
Lorentz and Gaussian shape fuactione i{s Called the Voiget profile, wiich g governed Ly the parsneter,

xv-Y/YD.
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The Voigt profile is prominent when xy falls in the range between = 10 and 0.1 und the numerjcal evalua-
lon of the height-dependent complex Voigi Tunction requires considerable computational effort. We
adopted for Fu the fast algorithm (FORTRAN IV progrvam) reported by PIPRLULSSI et al, (1977).

For total atmospheric transfer cal-ulaiions aesociated with ground-to-satellite paths it is quite
.adejuate to keep the Lorentzisn shape (10) but replace the width y with

2,2
Wwe /Yty . (13)

The .:eatment of high-altitude oxygen lines introduces further complicatfons due to Zeeman splitting
{8ee 2.4 balow).

2.3 EHF Spectruw of Oxygen (OZNHS)

All pertinent information ou the 0 ~M3 im cortained in Table 1. Tre linc parameters have been
reduced to five coefficlents a)-ag and ice listed in Table 1 together with the center freguencies v

Water vapor influences the 02—H§ through (15). The dependences on stwmospheric va-iables are: o

§=a p r3 exp[nz(l - t)] (kHz) , . (14)
v =2, o+ 13p) 0? (GHz) , (15
L=a,r - (16)

The nonresonant oxygen gpectrum (vO-O) exhibits a Debye shape (7), (9) with a width of

T pe?:2 (GHz) . (an

The associated strength is

. [] 2
§, = a) Pt (ppm) . (18)

The nonresonant EHF contributions SoF3 and SyoF§ amount to a small constant aitenuation (e.g., for p=101
and t=1l, 0u=0.0064 dB/kn) and a negligible dispersion, but they are an integral part of the oxygen spectrum,
neceseary in rhe ROSENKRAHZ formulation to keep prediczod low altitvde (h<l0 ¥m) attenuation rares for
v>180 GHz from beconing slightly negative and to describe the 0 -MS for v<30_GHz, Without egqns. (7) and
(9), N(0,-153~0 at all frequencies when the a,-coefflclents ot 11nes 1=21(3 ), 26(3 ) are reduced by 6
perceat. ~Such arbitrary adjustment does not alter the significant results ({.e., 0.0l dB/km) of the
OZ-HS in the EHF range.

Typical examples of the atmospheric OZ—MS are depicted in Fig. 1, representing conditiona for
h = 0-30 km,

.4 The OZ-HS Zeeman Effect

For altitudes h>40 km, Zeeman splitting of 0,-MS lines undcr the influence of the earth's maganctic
fiela introduces coneidersgble complications (LENOIR, 1968). A consequence of the Zeeman effiect is a
polnrlzution—dependent, zniwotroplc refractivity N. The presence of a steady magnetric field H eplice
each line into 3x(2K* :1) sub-lines wvith thelr center frequancies located at

vE = U 4 n(M.K) 28,03 H
] v *

-
P2

(19)

The calculetion scheme for the relative frequency shift n of ecach Zeeman component is given in Table 2.
Whereas unseplit linee are identified by one quantum number K* (Table 1), the Zcemsn componente require
the additional magnetic quantum number M varying in integers between ge K-limits glven in Table 2. lane
maximem frequency spread of the components is V0f2.2 MHz (N=1, H=8x10~

The Zeeman line strengths are calculated b substituting 1in eqn. (14) for al-the value

aj =&, £(,K) , (20)
whare the calculatfon procedure for the relative intansity factors f follews from Table 2. The Voigt
profile is applied to each component; these are summed-up in three groups iabled a¥, 0”, and 1. Depend-
ing on ths polerization and orientstion of the intervening wuve or observiug antenna, one or & mixture

of the tl.ree groups will contribute to the resonance fnteraction. We will later discuse saveral examples
of atmospheric Zeeman patterns at h~55 and 100 km and then elaborate on this puint. Table 3 liets ail
ehifts 1 and relative intensities f for the lines Ki«1 to 7.

2.5 EH! spectrum of Watar Vapor

From ALPC, we read 1838 d;0 lines up to 31 THi when & maximum intenslity (v=u_) cutoff of 2x10 3 dB/kn
(300" 2% im applied. Por the EHF range, we must conaider eix (eee Table 4) and the remaining onee ace
lumps: -"uto & norresonant wing contribution. Table 4 continues to list the wpectroscopic parametsra for
11ues up to 1000 GHz. An {ndividual line is demcribed by




S = blpth'Sexp[bz(l - t)] (kHz), (21)
Y = b, (p + 6.80p )08 (GH
3 -80p z), (22)
and I1=0. (23)

Lt asltlitudes above 60 km (p<20 Pa), Doppler-broadening has to be considered, The Volgt profile
(xv<10, see Sec, 2.2) or the approximation (13) are used for line calculations. Water vapor lines
exhibit o hyrerfine structure on 2 kilonertz scale. Yor example, for the 22 GHz line five sub~lines
have Leen measured spread over an interval of roughly v .*3y . This effect shows in the line shape
function when h>70 km; however, the water vapor concentration in the upper armosphere 18 guite uncertain
(see Fig. 15) and may not produce a measurable contribution.

The nonresonant H?O spectrum was cast into the form (LIEBE and GIMMESTAD, 1978)

1.6t12 2

"o Y, 2
N =b, pop,t v/30)" + b, (v/30) r, (ppm) , (24)

where -5 -4 2
bL =1.97 x 10 7, b5 = 5x10 (ppm/kPa) , y = 3.5, z= 1.3 . (23)

This compares with an empirical fit of reported background H20 absorptrion, where

b, = 5.6 x 1072, b = 0, y=3.1, z2=1, 26

The example in Fig. 2 underlines the considerahle uncertainties in formulating the nonregonanz H,0 spactiurm.

Model 1 [(&), (24), (25)] is tased upon an ewpirical fit to scarce experimental data obtained betweea 100
and 1000 GHz. Model 2 {(4), (24),(25) and b = 0] 1s a kind of "best theoretical entimate" obtained by
fitring the wing contributions of all APLC~listed H,0 lines up to 13 THz. Model 3 [(4), (24), (25)]
accounts for 30/60 GHz laboratory measurements yielding an “anomalous' p2 - term. Further wora is needed
to clarify the nonresopant H?O EHF attenuation, which 1s important in the four window (see Fig. 4)
regions. .

The most glarlng unknown in the spectroscopnic b:iis [(2)-(26)] for modelling EHF radio path behavior
(excluding trace gases) in the clear atmosphere is the correct treatment of nonresonant HZD absorptlci.

3. RADIO PATH MODELLING

The complex refractivity N determines homogeneous atmospheric EHF channel characteristics and is
adequate to assess short-hep horizontal transmission. For slant paths (e.g., satellite-to-ground links,
radar tracking, atmospheric nolse), radio path calculations are ccmplicated by the inhomogeneous
refractivity of the total air mass. The cumulative refractivity alung a curved ray path startiug at soie
ground level height h. with a slant angle 6 (90° at zenith) and ending at some high altirude hl(hl' @ ig
cuter space) leads Lo the following four integrals of interest to systems engincers:

b

1
1. Curved path length , L= H/' 8 (8) dn ! (m) . (27)
0
M -6
2. Radio range, approximated az R = ;f' il + Re N 10 71 a(9dh {m) . (28)

C
8'nce ray tracing in lossy media wight require the full, complex N (JONES, 1970).

3. Cumulstive atteauatlon (with equn. 4),

h h
1 1
A=0.1820v 4 (Im N 8. dk = J «ulhy a(6) dh 4By (29)
h h,.
0 G

defining power transmittance T (0, 1 for opaque, tramsparent, respectively) to be
T = exp(-A/4.343) . (30)

4. Medium nolee temperature caused by molecular emission uowelling (%) and downwelling ()
along the ray to hl (employing the Rayleigh-Jeaus approximation),

-]

h
1,0t - j' T(h) a(t? () e(8) dn ® . (31
h
"y

et o w1 B =

N i
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Common to all four Integials is a differential of height, dh multiplied by an extension factor, 0{0)~1, of i
the geometric path increments, which accounts for the secant law and vefractive ray bending. By applying
the apherical form of Snell's law and neglecting ImN, the factor s(0) becomes

L aakS

(106+RE N(ho) 0 + h(l 2]-1/2
8(0) = {1~ cosd (32)
10%ge N(ny [\o * B ]

(ru = £270 km, earth's radius).

.,..r._-
Bl cnadin,

At thig point, we resori to modelling (computer simulating) the various "forces' that "drive" ' 1
#quatione (27} to (32}, lnfrared line~by-line trsasmittance calculations using the ATPA data base (more
than 100,000 l}ines} show how to sat up A rortion of the mathematical framework needed to arrive at
practical angwers. Two newer IR works are thoze by TRAUB and STIER (1976) and SUSSKIND and SEARL (1976).
The spectroscopic basle foy the CHF range ts much emaller (Sec, 2) and has the added advantmge of being .
validated by us through extensive laboratory mesacurements. &

The EHP prediction wodel for cleasr ailcr properties 1s meant to utilize the fundamental data of the
£ivst part (where insignificunt details have already heen left out) as universally as practical for ,‘
atmospheric transfer properties that arc different from those at lower frequencies. Such a model extends
the field of microwave p-opagation and lesvens time aid todium for designers, planners, spectrum policy
maksrs, etc.

3.1 Model Atmnosphere

For spectroscopic calculations, it is uveeful to adopt the prcinciples that led to the 66-level arrati-
ficatrior model by SUSSKIND end SEARL (1978), Meas conditiona are modelled by the U.S. Standard Atmo-
sphere and ite vaerious seasonal and gevgraphical modificaticns ,(NOAA, 1976). In situ deta are available
trom radioc de mscents made by the U.S5. Afr Force Global Weatner Center or NASA, among others. Whatever
the atmospher: may be, model or data, it 18 connverted in the computer fnto a epherically-stratified i
wediwe with n-layers each having an aseigned set of values for p(h), p (h), t(h). Of these three, only
the dry air pressure p(h) follows to firet crder a siwple physical law, nawely *h. hydrostatic equatiom,
p(h) = plhy) exp(~h/7) {see eqn. (34)]. The inverre temperature structure t(h, J0/T follows no simple

law below i = 80 ka ead has to be taken in any case from models nr data. Water vapor pressure p,(h) is 1
the most capricous atmospheric variable. First of all, it is highly variable wichin the first kilometer
frow the suriace; then, water vapor {3 restricted by temperature up to the saturatlon pressure {(e.g., ;

fs givén by: p (h) = p_(h.) exp(-h/2.5). Various proposed water vapor distributions above the tropo-
pousc are shown in Pig. 157 J

=1, P, < 3.52 kPa). Models of tropospheric Hy0 distributions are in NOAA (1976); a rough approximation

3.2 EHF Ray Tracing Program

The radlo pazth is assumed to be a "ray" (plane wave case). A computer simalation combines the
spectruscopic and atmospheric data bascs tc perfcorm the calculatione for {27)--(31). The difficulties
ir evaluating these equations center on (32) and t(h). 1In view of the involved expression for N(h), the
Inteprals are calculated by numerical integration. Adaptive Romberg integration 1is used, which beginc
vwith & trapezoidul appioximations and shifca to higher order modea to accelerate convergence., This method
affords s balance between accuracy and computing time.

The general procedure is to calculate the lozal t(h) for the programmed altitude grid reporting T
o Py Py t and to srove Ny, ReN(v) and 1aN(v) separately on (disc=) €4la. The ray starca at a surface
height h with an elevation angle 0 and 18 then guided by the program through the inhomogenecous medium . "
until 1t reaches the intended final height hl' :

The following approximerlons and refinements are bullt inio the program:

- e A teb

1) Refvaction ig mosgt pronounced betwzen the two lowest data poiuts causing substantial ray bending
when 0 {s swall. Therefore, at the beginning a large nuwber of sub-intervals mre generated, the
first ten iayers spaced 0.5 weters apart, the next tea 5m, then 50 meters and so on until the y
next reporting level is reached, after which the norwal Rumberg integration is performed for '
all subsequent intervals.

Por 6<1°, the compulev evaluation of s(2) requires an analytical approximation slnce (32)
beccmes numerically unstable. An erpression was developed followiny BLAKE (1968).

11) For any height h between data points ha-h-hb, the HOPFPIELD (1969) expression is used to inter-
polats '

-h_ Ny (hy ) Uuqu
ReN(h) = ReN(h ) {1 ;7 1 - “o(i‘_‘? , (33) !
b ey g, e

where weg(hy-hg) R {T(hy)~T(hy) ] (% 13 the gns conntant and g &% the gravitational
acceleration being & function of sltitude and la-ftuce). DLquation (33} is based upon the
hydrosteacic equation i

dp/dh « ~gpRT . (34) ; .

S
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The refractivity N(h) = No(h) is used in (33) since the gpectral contributions Re N(v) are
generally legs than 1 percent of NO'

The values t(h) and Im N(v) = a(h) are found by linear interpolarion from the values calculated
at h , h .
a b
11i) Housekeeping chores are performed by the sub-program ATMO, which convertes data to S5.I. units,
removes redundant values, and interpolates for missing levels.

iv) The frequency grid for calculations of the total EHF range had & 5 GHz spacing (Figs. 4, 10, 11);
for line datails the spacings need to be as small as 0,1 y and the line centers vo are treated
separately o1 forced to fall on the grid points,

A number of test calculations were performed; e.g., a :ay tracing h = 0 ~ 100 km at one frequency
requires abcut 3 seconds computer time (UNIVAC 1110).

.3 EHF Radfo Path Characteristics
Close to surface levels, the 60 GHz 0,-MS lines are merged into a more or iess unstructured band
shape (Fig. la) whose maximum intencsity i1s pressure-proportional until the lines separate (h>10 km).
Figure &4 gives an example of sea level). EHF attenuation. The window ranges are very sensitive tv the
amount of water vapor.

Spectra are evaluated up to the altitude where they have vanished (<2 x 10—3 dB/km) due to a lack
of resonant molecules or line streagth. The interaction N(v) 18 always a function of the amount of the
atsorbing gas. The peak intensities {(eqn. 11) are generally independent of pressure as long as the
width is pressure proporticnal (e.g., Fig. 1b). A fixed widch (eqn, 12) causes the line to diminish
with decreasing pressure, The transition between y and Yy occurz in the EHF rsnge around h 270 km, in
constrast to an infrared line which begins to disappear when h2 20 km (Fig. 3). Stronger 0,-MS Zeeman
cowporents exceed the intensity cutoff even at h = 100 km; however, dissociation to atomic oxygen (h = 90,
120 km leads tc 02/0 = 99, 25 percent, respectively) accelerates their dlsappesrance. We agsume 100 km
to be the boundary to outer space for EHF radio path spectra.

Tracking the maximum aitenuation of one of the stronger 02~M5 lines (7°) with height, aas depicted in
Fig. 5, we see that the approach to zero depends ipon varfous assumptions all related to the Zeeman effect.
Figures 6 and 7 show the complete Zeewan patterns for several fines at h = 100 and 55 km. Their calcula-
tion followed the procedure outlined in section 2.4. Each Zeewman component wae treated as an individual
lirc and a fast algorithm for the Voigt protile Fy (PIERLUISSI et al., 1977) wad employed. The reaults
show that around 55 km all components are merged Ynto one line (Fig. 7) while around 100 km the individual
Zeeman components, weak though they may be, appear for 03-MS lines with low (< 13) K— numbers (Fig. 6).
The component at v = Vo 16 not necessarily the largest ({.e., 0.0033 compared to 0.0068 dB/km at v, + L.65
Mz for vj. Lineariy polarized radiacion "sees” (a} the T-pattern when H is psrallel to EHF magnefic field
component ¥ in a plane petpendicular to the direction of propagation or (b) the a = 0* + 0 - pattern when
H is perpeftdicular to Circular-polarized radiation responds either to the o% or 07 ~ pattern Jepending
on (3 or € . For cumulntive calcuiations, an approxication similar to (13) can be nade by replacing
(15) wirh

Y, = Y2+ s w? . (35)

Equation (35) tracks closely the attenuaticn a(o,vo) as seen in Fig. 5.

Figure § ahows attenuation o as a fuaction of height for three frequeuncdes in the 60 GHz band. The
preesure proportional behavior of a(h) is valid up to about 15 km, above which isolated llne behavior
takes over if there happers to be a line cluse to the frequency of interest [e.g., v (15 F) = 62.998 GHz].
Figure 9 gives an cxample of cumulative attenuatiorn A(h) at the 60 GHz 0,-MS band center. Comparing the
results for 4 (Fig. 9) with those for a (Fig. B), we can define a "thickness' of the inkomogeneous medium
in terms ¢f the equivalent homogeneous attenuation path length,

R, = Ala (km) . (36)

Far example, HF = 155/13.5 = 11.5 km at 60 GHz against zenith for a path starting at ho -0

Figure 10 displays the cumulative earth-to-space attenuation A slong a nadlr path through a warm,
moist suamer atmosphcre and a cool, dry winter atmosphere, The winter attenuation is lcgs than in the
Juumev exr.ept in the regions of the two 0,-M5 resonances (60 and 11% GHz). Lower winter temperatures
inciease the line strengths and reduce ché linewlaths (eqn. 15) due to lower wster vapor pressure. The
ingert shows the fine otructure between 50 and 70 GHz for & dry U.S, Standard Atmoaphere 1565. The fre-
quency range 55 to 64 GHz 1s opaque for any sea level system looking into space. As a prospective appli-
cation gains altitude, this shiclding effect breaks down and several radio channels open up with interest-
ing trensfer properties. The trensmittance (30) is measursble when the aimcgphere is somewhat transparent,
and ther it can be detertined either by the absorption of a signal coming from the cutside (gun emissior,
satellite beacon) or by the thermal emlssion orizinating predominantly from 8 kilometer thick layers.

Figure 11 giver a result of atmospheric nolse tempersture calculations. The evaluation of (31) was
done compatible with the surface~to-epace methodology adopted (aee Sec. 3.2). The integral factors of
both sums, downwalling aud upwelling, are stored as & "ray" is traced and then assembled by use of the
recursion relations
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h
‘ ntl h . hn+l
=/ Ta- 1y - 8@ dn+ (1 () an
h h h
a n
and
4 hn+1 hn+l 4 hn+].
(Tg) ".h/.T o - 1({\) © 8(8) dh + (T 'l-(j‘l)1 (38)
n n

to yield, additionally, noise temperat .-~ . at all grid points. In regions of strong attenuation, the
downwelling noise temperature nearly equals the ambient air temperature ‘i, while the upwelling no.se
results from layers in the upper atwosphere. The summer atmosphere yields similar cuives with siightly
kigher peaks.

Ir. Figure 12, we look at examples of EHF phase dispersion #(v) = Re N(v) (eqn. 5) at three frequencies
as a function of height. The frequencies 57 and 63 GHz approximately yield the maximum and minimum phase
dispersion for the 60 GHz band close to surfece level. Range difference (Fig. 13) serves as a measure of
the effect of dispersion in the refractrive index. Rays at 57, 60, and 63 GHz were traced with and without
the Re N(v)-contributizas. The difference at 60 GHz was negligible; however, at 57 and 63 GHz appreciable
range differences occur with respect to the 5 millimeter wavelength. The refractive electrical path
lenpth, R(NO) = 3,38, 103,17 meters for O = 45°, 0°, respectively, plus the dispersive path length AR
lead to a propagation delay time

G+ AL (V) = [R+ AR(W]/e (s), (39)
where c 1s the speed of lignt.
3.4 Atmospherlc Kemote Sensing at EHF

At selected EHF frequencies, the air mass can be utilized as frequency varlable attenuator, phase
shifter, and temperature, pressure, and/or density indicator. For example, the 60 GHz 0,-MS band reveals
average temperature and pressure over a line-of-sight path from a measurement of signal amplitudes at
differert frequencles or irow a differential phase meesuremert at two frequencies bracketing the 60 GHz
band., The change in strength of a radio signal at 118.8 GHz (1 line center) 1s a good indicator of
path-averaged temperature fluctuations (LIEBE and HOPPONEN, 1977). Temperature-independent attenuation
in the lower atmosphere, where 0,-MS band and line contribution balsnce, could serve as pressure measure.
Figure 14 gives the result of such a search in the U.S. Standard Atwosphere.

Several atmospheric molecules tesildes U2 and HJU exhibit a rich EHY gpectruu. DMNone of these lines
i3 detectable in the troposphere unless somehow enriched in its abundance, which 18 naturally below 1
ppm. Above h = 30 km, however, th: lines are relatively narrow, the natural abundance can incresse, and
several stronger lines may a: fe-t the traansfer and emissinn characteristics at frequencies where the
atucsphere is not opaque. Iy ir 108zlble from a measured absorption or emission line shape to infer the
height distribution of that pa' - icular species if the npectroscopic parameters are well known. That
technique has been successfully; -mployed for ground-based measurements of 0. (SHIMABUKURO et al., 1973),
CO (WATERS et al., 1976) anc for alrcraft-based measurements of H20. 03. <o, Cl10, Nzo in the 165 to 280 CHz
range (WATERS and WOFSY, 1578). Typical results are given in Fig. 15.7 The quantitative measurements are
accomplished with a multi-channel receiver detecting "emission" against the cold (= 3 K) cosmic background
or "absorption" in the sun's emission continuucm (= 5800 K} to within 0.1 K.

A potentlal application to upper (n = 15 to 15U km) atmespheric research lies in observing (o.g.,
from the orbiting Spacelab) intensity and spectral character,of EHF limb ewission. Weak signals are
enhanced manyfcld by the largest possible path lengths (> 10” km) at a given level and by seeing them
against the cosmic background. FParameters to be sensed inciude atmospheric compositicn, theraasl structure,
motion (winds) along the line of sight relative ta that of the observation goint (Daoppler shift of vp),
and, from 0,-MS lines, reference pressures (the intensitiea of the lines, K™ = 17 are almecst independent
of T) and magnetic field strength (WATERS and WOFSY, 1978).

Cosmic background radiation fills the universe (= 3 K noilse temperature). Planck's radiation intensity
for 3K peaks around 180 GHz. Rerults froa bigh altitude (aircraft, balloon) radiometric FHF measurements
confirm the existence of nearly uniform outer space emission when the results are corrected for atmospheric
rath behavicr. The anisotropy of the 3K radiatioa is invzetigated to support theories on asymetric expan-
aion of the universe or irregularities in the distribution of matter or energy (GORENSTEIN et al., 1978).

4, CONCLU:LONS

Molecular absorption increases over the EHF range thus posing persistent limitations to EHF systems
operating thiough the earth's atmosphere. Transfer and emission properties depand upon frequency, and
vary with pressure, temperature, magnetic field strength and with the nature and length of the radio
path, Methods have been presented to mcdel these properties bascd upon metzovological helght profiles.

A reliable answer on, say, just one attenuation value requires a large number of molecular parameters and
elaborace calculactions. Major uncertainties remaining are due to cthe nonresonant water vapor absorptionm,
which is particularly important in the window regions. -
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TABLL 2. CALCULATION SCHREME YOR THE FREQUENCY SHIFT n(M,K) AND THE RELATIVE INTENSITY FACTOR
(MR OF OZ—HS ZLEMAN COMPONENTS (See for Examples of K¥ = 1 to 7 Lines 1in Table 3).
Final State: K,J, {M["J-= Initial State: K,J', lU'isJ'
A =" =M
+ -
K’ - Line K - Line
Zeeman Polarization NM,K)<E £iM,K)<1 (M, K)< tl £(M,K)<1
Transicions | 1iuear | circular
04 M{1-K}-K A(KAMH]) (KHME2) (M) (K+2) -1 3(K+1) (¥-M) (K-M-1)
i K(K+1 4(K+1 K+ + + ,
CCEEVE O (&+D) (k+1) (2K¥1) (2K+3) oy 4K (2641) (2K24E-1)
left pAves K-2 2M2-K
——— ‘31“
O~ ~ M -K)+K J(K-Mrl) (K-M+2) (M-i)(l(+2)<ll|[ J(K+1) {KvM) K4M-1)
K(K+1 4 (K+ ZK+1) (2K+ +
(M = -1) O (k1) (K1) (ZRHL) (2K+3) k(k+i) AK(2KHL) (2KE4K-1)
right M=K KzM2-(K-2)
l
T 2 2 2 2
i““ M(1-K) 3[(k+1)" - M™] M{K+2) IR (K™ - M)
K(K+1 + +1) 2K+
(&M = 0) (K+1) (K1) (2K+1) (2K43) | K(K+1) K(2KHL) (2K24-1)
M<K K-12M=-(K-1)
TABLE 3. THE FKEQUENCY SHIFTS N(M,K) ANQ RELATIVE INTENSITIES FACTORS £(¥,K) FOR
ALL ZEEMAN COMPONENTS OF THE K™= = 7 to 1 0,~MS LINES.
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Table 4 5
DATA BASE FOR H2016 SPECTRAL LINES IN AIR UF TO 1000 GHz i
Center Strength Temperature width 1D Remark £
Frequency Exponent ((tlower Now)
mant. No. :
i Yo bl b b3 '
L]
i
Gz kHz /%Pa l GHz/kPa ‘
| ]
1 22.23518 0 112 2,143 28,1 E-3] 5 2 3
68.052 o.o18 | 8.75 28 | 320 1
¢l 183.310091 2.41 | 0.653 28,2 " 2 2 e i
321.,325.44 C¢.244 | 6.16 22 " 9 3 6 v
325.152919 1.59 1.52 29 " 4 2 2 {
6 o 380.197372] 12.40 ! 1.02 28,5 " | 3 2 1 |
S t i
7 390.18 0.004 7.33 16 "l 2 10 i 7
437.36667 | o0.062 | s5.02 15 "1 6 6 0 a
10 | 4308295 o087 | 500 s v |6 s 1 |s ;
. . . 4. ee
ol 448.001075{ 10.7 I .37 24,6 3 3 0 Nonresousnt }
470.888947 | 0.328 | 3,57 8.1 " 5 5 1 H,0- {
474.689127 1.24 | 2.34 21 " 4 4 [} Spectrum ‘
488,491133 0.256 | 2.81 22,2 " 7 1 7 P '
15 503.5€ 0.035 | 6.69 12,7 " 7 7 0 :
504.46 0.012 6.69 13 " 7 7 1 :
¢| 556.935002 542 0.114 31.7 " 1 V] 1 {
620, 700807 4.69 | 2.34 21,6 " 4 4 1 .
658.34 0.460 7.76 32,8 "¢ 10(1) 1
20 e 752.033227 259 ' 0.338 30.2 " 2 Cc 2 1‘
. f . 17 " 11 2 9
859,81 oors | 7.99 2 |2 0 2 ;
B$9.38 0.091 | 7.84 30 " 1 1 1 !
903.28 0.064 8.35 28 ' 2 z 1
25 | %06.21 0.179 | 5.04 2.4 " |8 3 5 1
916.62 8.90 1,37 26,9 " 3 3 1
970.31 9.40 I 1.84 24.6 " 4 3 1 j
28  987.94 145 J 0.18 29.9 " i 1 1 1
i
Plus 1810 additional lines up to 31 THz, of which 362 lines have H
strengths, bl>1000. The strongest lines are at: 1
[}
o} 2640.5 2530 0.656 28.5 " 30 3 Max. strength !
o] 6076.5 2500 [ 1.37 20,4 0" 3 3 0 Max. attenvation | ;
| !
T 1 T T T T T { ‘
§H Atmospheric /— ‘
€ Nonresonant H,O Attenuation Vi {‘
1
X — 1. ya —
~ 101 kPo = 300 K N/
e p,*2.8kPa(80% R.H.) / Figure 2. ;o
6 3\ s -+ Exasmple of EHF nonresonant water k|
- / vapor attenuation for sea level ¥
[t . conditions with 80% relative L
o | Lumidity (RH). The prediction
- models 1-3 are discussed in the
g text (eqs. 23-24). !
e - ;
@ 4 L
3&‘ l
2t ® APCL - Gross Shope
= X APCL - VVW Shape - i
12— Pid - !
O x
o
T
WINDOWS :
1 1 ] 1 !
150 ell 360

Frequency, GHz
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Fig. 3.

ATMOSPHERIC LINEWIDTH
|°0 [T T I I 1 1
' 0 | ™
|, =106H: ——ZEEMAN 1,30 TH 14
£ | WicRowe | + INFRARED e
s N I
3 50— (eqn.12) ‘ _1|02 §
< L i® &
I~ Lines _|04
] 1 1 ] ] 1 )
|
0 0% 04t 0% w02 0! 0

Width y , GHz

Schematic atmospheric linewidth Yj versus altitude h and pressure p. The EHF range

of the preasure-proportional regime extents up to h®70 km, the infrared range
1imited to hz20 km. The Zeeman effect of the 02 spectrum causes line shape
complications when h™40 km (see Figs. 5-7).

ia

LB

-
o

ATTENUATION dB/km
-h

o
-t

Fig. 4.

-l | i i 1
H,0
o P = 101 kPa
2 P= 1 n

w

t =1 (300K)

50 100 150 200 250
FREQUENCY ., GHz

Example of EHF attenuation in clear sir at a typical surface level conditfion
with = 3CX relative humidity. The computaticn used i~1 to 39 from Table 1,
i=} to 6 from Table 4, and Model 1 (eqas. 24, 26, 4) for noncesonant water
vapor attenuation.
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Fig. 5.
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ZEEMAN Patterns: 13 35 9%, 25* (Fig. 7) 7- (Fig. 6)
e L Y0, H 0

&
g 1 |
-l
3 -—
=4
< 7" ' 3

- \ . |
g Pe 3’0 H=6 _“y
w !
roal- US. Std. Atm. 76 .
«< I -
x [ ]
I
“ 7T 25-H—Approx.

i (GHz)

o LINE PROFILES:
- Lorentzian . Voigt . Gausaiéﬁ
L_ ]
i i 1 1 1 | |
20 40 80 80 00

ALTITUDE h,km

45-13

Attenuation rate 0 at line center (max.) of the 7° line as a function of altitude h for both
Zeewsan patterns (7,C0) and two magnetic field strengths (6 and 3x10 5T).
influence upon og(h) “or Doppler broadening alone (H=0), for the 25*H approximation, and for
the neglect of Dopplur broadening (YD-O. H=0).

ATTENUATION ,(aB/km)-107

Fig. 6.

Also shown are the

LIS S B B (Nt B A B LN [ Sume RN R ML e
wla

8 7 \ ha 100 km ﬂ 1

H-6-105’1 m US.Std. Atm. 76 |

i ﬂ {.032Pa . 195.1K)(\

5 r— ~ -

- .

T IR ~ 7 Inteneity
Cutoff
for

B [ 7] Line Pezk

&‘7 Attenuation
0 V) 1 Ll 1 H 1.l ) Lod i
-2 -1 0 1 2

FREQUENCY DEVIATION, MH:z

Zeeman patterns 7 and 0 = 0 + 0~ for the 7  line at an altitude, h = 100 ka.
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same as 17, except .

65=0. 424 dB'km
\
1
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1‘

\

1
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z 1
]
-
-

2 ;

-4 ‘
w
[

- 1
<

H= 13
05} ; &
Al A
A
-
-
-—
P -—— = el 5
-2 -1 [ ] -3

- el T
ob=m— -0 1 ST N sl
— 1 Ty
25* 1 @o=0.109

FREQUENCY DEVIATION ,MH2

¥ig. 7. Typical examples of G,-MS leeman patterns for K¥*f= 1, 3, 9, and 25-1lines at h = 53 km
(p = 42.5 Pa and T = 260.8K -U.S, Std. Atm. 76) for two magnetic field ariengths,
H = 3 (left half), H = 6 (right half) x 10°% T, and the unaplit line, H = 0.
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30

HEIGHT, XM

Fiy. 8.

20 |-

RESONANCE LINE CENTER AT 62.998 Ghz

LINE

ATT¢NUATION

DUE TO MOLECULAR OXYGEN
AND WATER VAPOR

US STANDARD ATMOSPHERE 65

P, (hg)= 0,60 kPa

ATTENUATION, dB/KM

Atcenu-tion rat s o versus altitude h at threa frequencies within the Oz—lﬁj band.

150

<00

CUAMULATIVE ATTENUATION 4. 4d3

9 =4-°

- /
//

T~-90° (Zeniih)

.S, Std, Atm. 6%

} N 1 4

10 20 30
ALTITUDE, kir

Imcrosoe 2m cumuletive attepacion A vith aititadz h at 50 Gz for two elant path angles 6.
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CUMULATIVE ATTENUATION A, dbB

100.9

T T 1T777r]

L]

CLEAR AIR ATTENUATION

FINE STRUCTURE

see Insert

MIDLATITUDE SUMMER
(U.5, STANDARD)

10,0 1
o Pt i
- - -
- ™ i
\ I'4
- I ‘ /
AN MIDLATITUDE WINTER
1.0 P (V.S. STANDARD)
. o t
- s
8 VERTICAL EARTH-SPACE PATH i -
OXYGEN AND WATER VAPOR SFFECTS i ™
; 3! 20 -
0‘1 T 3 4 P s il e ._LLLJ..I.L.I.L“ 4l
G 100 150 200 250 00 “ .’.’....‘,3‘. TwE
FREQUENCY, GHz
Fig. 10, Cumulative EHF zenith attenuation from surface (hy m 0) to ocuter space (hy = 100 i)

NCISE TEMPERATLRE, K& /INS

Fig. 11,

200 e

i -

isr a sumner {(at hp = 0: p « 101, pw = 1.90 kPa, t = 1.020 or 21°C) and winter
(p = 161, py ™ 0.46 kPa, « = 1..102 or-1°C) atmosphere.

. 8Gekm
Cuntlative phase dispersion, A¢ -y wiv)dh ,
o

ATMO SPHERIC NOISE TEMPERATURE

RAYLEIGH-JEANS APPROXIMATION
VERTICAL RAY PATH

o — —a——— FINE STRUCTURE
NOT SHOWN

A
- I > '
. il
: E a —UPWELLING TO SATELLITE
' (DASHED)

_—r

DOWN HELLING
TO SURTHCE

: \J

FALGUENCY, GMe

Avmcupheric noise tempevature lownwelilng o the surface acd ugsal1ing Lo A ¢ tellite
1 zenlih direction from the U.5, Standsrd aldlatitude wiuror aticspisce.




HEIGHT, KM

Fig. 2.

Fig. 13.
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40 A

PHASE DISPERSION

FREQUEN(Y-DEPENDENT PHASE
DISTORTIQI DUE TC OXYGEN AND
WATER VAPOR

Bylh) = 0.60 kPa

I
|
l
l
0

-1.0 0.5
PHASE DISPERSION, RADIANS/KM

0.5 1.0

The dispersive phane rate #(v) aa a funciion of altitude for tbree frajue.cies in the DI-MS band,

@ = 45° 40 pe
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b
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2
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(W)
<
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u
o
g -0.016 )
> - ] g daaadd | i',‘_‘:t;‘:;‘e_-:;:-,\;;. i
o 1 2 4 &6 B0 20 & 0 af
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a‘ e- ne AL .1 ]
W
. 0.2
v
o e 3] G
. : :
o 0 s . RANGE ERROR AT 80 KM = 133,37 Md 0
(NO DISPERSION)
— |
19
w -0.2 |- /—63 GHaz
T
W — - 4

0.4 |- US STAIMDAED ATMOSPHCAE

I N R N W N S L o

: 2 4 6 810 0 & ®
ALIITUDE, +.M

Rauug? error dus (o moleculur phase Aispeision (vee Fig. 17) as ¢ functiou of al.itule for two
tcaquanciss within the (7«M$ bard: o) 6=43° and b, 6=0° (taagensial puch). The rafractive
radiv raage l(lo) for W= to BL kx 1r also ; lven.
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S I | | T T - MU M {0 %
T V-

U.8. Std,

ol At 76

(=]

Temperature Sensitivity 0,,%p2 4
o

-02
~
~0.31— 6 km Q
. | n ] L‘/\ i 3 | 4 | R
53 H & 84 4] 6

Frequency v, GHz

Fig. 14, Searsh for temperature-indcpendent O:,-PL‘I attenuation [at = (Ju/3T)/c¢] in the U.S. Sta:iard
Atmesphere 1976 (NDAA, 1976).
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Fig. 15, Alrcrsft- and ground-bisas: emisslon and sbsorption high altitude Live whape maamrurerens of H,0
(WATERS and WOFSY, 197 .}. 0. (SHIMABUKUR™ et al., 1975), and CO (W7 e¢lS er al., 1976) aud
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DISCUSSION

Z Houminer, [siacl
Hov' would the irsegular structare of the atmosphere affect ma-wave propagation and do you have models
describing 1t?

Aut.oor’s Reply
The amphitude spectrum fer mm -waves propagating in a turbulent, clear atmospherc, characterized by a complex
refractive index, is modified by the imaginary (loss) part (see Ott, R.H |, and M. Thompson, 1978, **Atmospheric
Amplitude Spectrz in Absorption Region”, ILF Trans Antennas arnd Propagation, AF-25 (2), 329-332 and references
therein)

. ——
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A COMPUTER MODEL DESCRIBING ATMOSPFHERIC PROPAGATION OF MICROWAVES

FROM 1 TO 300 GHz INCLUDING DETAILED ATMOSPHERIC CONDITIONS AND

COMPARTSON WITH EXPERIMENTAL DATA

H.J. Fluess
Messerschmitt Biulkow Blohm, GmbH, Unternehmenabereich Flugzeuge
D~B8000 Milnchen B0, Postfach 801160

SUMMARY

For the frequency region from 1 to 300 GHz, a computer mudel was written describing
the most important atmospheric erfects on microwave propagstion. The calculation of
attenuation, scattering and refraction is based uron existing theoretical and experi-
mental inveatigations and fundamental physical relations. Since this model should
primarily produce representative resiitlts for Germarny, metecrovlogical data evaluated
from German significant weather map types were inserted into the wmodel. Theae
metoorological data include the probability of vccurence, temperature -, pressu;,e¢ rrd
humidity profile, type and probab*lity of precipitation and clouds. Beaed uvon thase
data some basic results were obtained and compared with availeuls dets 7 t%e scalasti-
cal US-model atmoszpheres. For practical application of this cowpuier modod tie
reduction of the detection range of radars is shown as a furnciion oF qifferent cftmos-.
pheric conditions. In addition, first results of exporismenty) and theorvetiical preopa-
gation investigations are pressnted.

1. XNTRODUCTION

There are severai different methods orf determining the snfilucnce ¢f t‘bes stwosphexc on
microwave propagation. It is a very reliable way to =ztudy the sorluxuanss nf each
microwave system such as communication links and reconnfissance sysioers ruder varying
atmospheric conditions by sxperimental tsnst series. Thisx has the disadventage of teing
time-consuming and expensive, Another way is to uge physlaal raleviang ig coupotuy
models to simulate and predict atmospheric efiects on mizewave projsgniion. Thiu
ssves time and coats. But the physical description in suvch wodslis 18 ofien NOt edo-
quate when the modelling has been simplified with respoct ito compurer tine aad te
spocial purposes. Therefore it is Ceairable to ostimntu the coufidonce level «Ff a
computer model by experiments at least in some points, in cordsr to wodify the moani
if nacessary. For the wavelength region fruw 0,25 to 28 /'m gueh a ccmputer model 1s
LOWTRAN 30 (SELBY, J.E.A. et al., 1976) which has been madifisd for gonsral German
weathar situations (ECKL, W. et al., 1977)}. To cover thie nicccwove ragion from ¢ to
300 GHz, for operativr ressarch purposes (Integriartes Biwertunjprmedelld fir Aufllirung,
BODINET, E., 1977) & computer model was written which csleulatses
~ signal attenuatiomn
~ Bcattering
= propagation patn parameicrs ror

° any sensor target configuvration and

+ reslistic atwospheric conditions,
This paper describes the complete computer model, prasents xesulits for typlcel sappliil-
cations and first experimental data nf propagaticr fuvertigotions tepether with
theoretical ones.

2. TRANSFER CHARACTEKISHJICS OF THE ATMUSHUITE

The atmosphere influences electromagnetic wavsw in zeveral ways: cignal attenustion
and scattering, changes in phase and polarisagtion; bLendfng of provagaticvn path and
increase of background noise. These +Xiacta have haen subjlents of numerous theorati-
cal and experimsntal investigations wiilch each <ovar only single parts of the micro-
wave region and/or soms utmospheric conditisna., Howsviy, the tesk consisted of Tindinmyg
out appropriate references and of adapting thuse to esch otaer to treat ths mowt
important propagation effects in the micruwave ragion trom i to U GHr fox the most
occurring atmospheric conditions, sdegqu.tely., The plLysizal relaticng upon which ths
ccmputor model ie based are nutlinsd as follows.

Z.1 Attenuation and sScattering

The attenuation and scattering of signuls i3 due t¢ «tmosvheric gases, precipitation
and clouds. A# the physinca! 7aw of suparposi.ioa is valid foxr therse effscis top,
their coniributions can be frieted wapurctely and alded.

2.,1.1 Abgorption by Almospheric Gazes

Absorption throughout the 1t *o 300 GHz fraquency regilcn ‘s due to molecular spectra of
major (02, H,0) and minor {..g. 03, €O, N;0) conatitaents., Radiative trensfar. spactrsl
line absorption, total sbsorption through and emission Ly stmosphoerlec gases have bhoon
reviewed by WATEAS, J.W.,, 1976. Wnter vapo: and oxygen have to te cumsidsrad im the
microwave irwgiva whereas itne minor conetltuents caem be igncred up to e alctitude oot

30 km. Th: umsthemui’c¢al domcription ¢f the wmolecular spectra of watsr vepor and oXy-
gen iz based sn the invectigations of RNSENKRANZ, P.W,, 1975 anc LIEDE, H.o., 1977.

For wataz vipor the spectivsropir parvauoters of 1% lines ares tukea into asccount, forx
oxygen the dats of 41 lines (LYB3E, H.J., 1877).
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2.1.2 Attenuation snd Scattering by Precipitation and Clouds

Attenuation by water and ice particles is due to two physical effects: absorption and
scattering. Both effects are conpidered for the different particles. To calculate
attenuation and scattering by rain the single scattering theory of MIE, G., 1908 is
used, Data of RAY, P.5., 1972 are used for the description of the dependency of the
complex index of rafraction ¢f water and ice on temperature and frequency. Scattaring
in the near field is neglected because of a luck of appropriate descriptions. First-
order multiple scattering may be expressoed using the redar sequation or in terms of the
specific intensity (ISHIMARU, A., 1977). In principle, polarisation effects can be
calcuiated (OGUCHI, ., HNSOYA, Y., 1974). In the computer model they are only roughly
estimnted, because no adequate metaorological description for deformed rain drops i
available.

Attenuation and backscattering by snow is calculated according to CUNN, K.L.b.,

EAST, T.¥.R., 1954, The recults are relisble only tor frequencies lower tham 30 Giz,
where the Rayieigh approximation is still valid. For higher fragquencies, the complex-
ity of snowflakes allows only rough approximations.

Rayleigh approximation is used to determine attenuation and scattering by clcuds and
fog up to frequencies of about 100 GHz because of the small size of water dropleis and
ice particles.

For frequencies greater than 100 GHz the complete Mis-forzalism is used.

2.2 Refraction Effects

The index of refraction iusivences <in cns hend the propagation velaocity of electro-~
megnetic waves and or the other hand ths propagatien path outlined as follows. Since
the troposphsric index of refraction is greatsr than unity ths propagmtion velocity ias
slightly less than fres space velocity. This produces a time delay whickh affecty time-
measuring systeme., The deflaciion ¢f tle propugation path is caused by the variation
of the real part of the air refract.vity. IXn this computer mcdel & ray trscing method
based upon the integral method (EDENHOFER, P, et al,, !T72) is used to determine the
path parametsrz such as range and angle of refraction a:nd angle of arrivat. The index
of refraction profile can be inserted directly into the program or ie calculated from
the meteorological parameters: temperature, pressure, and humidity. For frequenciea
leas than 20 GHz the index of refraction is determined by the formulae of SMITH ir. E.K.
and WEINTRAUB, S,, 1952. In order to take into account dispersion, the refraciivity
of alr is calculeted for frequencisas equal to and greater thsm 20 GHz according to
LIEBE, H.J., 197 . For & wide application of the computer model an iteration techuijue
was developed to calculate the position of an unknown target from radar data by forward
recursion. By backward recursior. this technique enables the determination of elevation
angle and redar range for given radar and target position.

3. METEOKOLOGICAL DATA

The compuiter mouel has beon designed for two purposes, namely cperational anslysic anud
date correction. For operaticn research, system design and predicti n purpcses model
atmospherss are usea in this program whereas actual meteorclogical data #*e required
for propaczation measurements. To cover peossiblc variations of atmotphexric conditions
the German Military Geophysical Office -~ GMGO -~ has determined two different types of
model atmospheres

~ statistical modoel atmospheres and

~ model atmcapheres representing the significan!{ weathsr map types for West Germany.

3.1 Statistical Model Atmospheres

For pre-design purposes and vary rough estimations 12 statistical model atmospheres,

which weve extracted from metuorological chservaticens of the year 1973 in CGesrmany, can

be used (GMGO, 1975). They contein prossurae, temperaturs and water vepor profiles snd
cover altitudes from O to 12 km in layere of 1 ki, “YLess mndel atmoapherss ave bassed
upon tha separate evaluation for
~ the sonthoern part of Germany (Munich area) and thu nmorthern part (Hannover ares) and
repressnt for sach area
= the vean and extreme values for

» musmor (April - Soptember) and

+ vinter {Octobor - March).

3.2 Significant Woather Map Types

¥or operational analysis and prediction characteristic and move detailed atmospheric
tonditions have to be considered. The GMGC has provided 64 veriical profiles of 8
significant wemther map types for this purpose (GMGO, 1975). These are the

« North, West, East and High one for summer and winter - .

Thoeizr cccurence in 1973 is shown in figure 1. The weathsr map type Vest has a high
percentage of occurence of 60% psr yoar due to the geographic location of Germany.
Furthermcre, each significant weather map type 1is divided into 4 profiles representing
a day in six~hour intervals. These woather situations have hsen evaluated tox North
&nd S.uth Germany. To taks into account typical irregularities (inversion etc.) of thn
lower troposphere tho vertical profiles are spaced in 100m intervals up to an altitude
of Zwsi. Above this height the spscing is ikm up to 12xm.

The profiles of the significant weather map types contain net only pressure, tempera-
ture and huwwidity, but also precipitation rates and probabilivy of ocourence for rain
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and snow, and tvpe of clouds with their typical size specirum of droplets and their
vertical extent. Following cioua types are considered:

(1) Cumulus congesatue, (2) Ciwalus humilis, (3) Siratus fractus, Cumulus fractus

(4) Stratocumulus, (5) Alic.:amulus (6) Altostratus, (7} Stratus, (8) Cirrus and
combinations of theswu.

A3 rain drop size distribution we use the Marshall-Palmer spectrwn which seems to be
most appropriate for radar applications (ATLAS, D,, 1964).

In table 1, for example, the 1teorological data of the weather map type: West, Win:ier,
South Germany, 12.00 - 18.00 are listed. The prscipitation rate of 0,7 mm/hr indi-
cates a steady reinfall in the order uf one hour which is typical for this weathor
situation.

The general weather situations can Le Zmproved by weather reports from special stations
in 1973 in order to make very realistic simulations of a given area for operation
resmearch (GMGO, 1970). Investigations of the GMGO have shown that the behaviour of the
atmosphere in 1973 was normal with respect to other years (GMGO, 1977).

3.3 Actual Meteorological Data

For measurements of microwave propagation and correction of data obtained by microwave
systems actual meteorological parameters have to be used. The structure of the compu-
ter model enables an easy exchange of data.

In addition to the set of the model aztmospheres described nbove, model atmospheres for
other areas, o.g. US~-profiles, can easily be inserted inte the program.

k. RESULTS

To show the variation of attsnuaticon in the frequency region from 1 to 300 GHz for
different atmospheric conditions soms basic results ohtained by the computer model are
presentec. Furthermore applications of this model for syatem design of communication
and rada. systems are shown. In addition, calculated and nieasured values of a propa-

pgation experiment are compared with respect to c¢ritical meteorologicel parametere and
radar data.

4.1 Basic Statistical Results

To determine the design parameters of a communication link or of a radar the attenua-
tion based upon statistical metsorological data a1s of interest. For thias purpose an
example is shown in figure 2, representing the upper and lower extreme values of
attenuation per unit path length dependent un frequancy for the Munich area,

Sommer '73 and sea level. One recognizes the absorption lines vf water vapor at

22,235 GHz and 183,310 GHz and the absorption band of oxygen at 60 GHz and the isolated
i~ Jime of vaypen ai 110,730 Giiz. Deiweon these lines and banda there are the known
atmcapheric winduws of relative high transmission. The attenvation values in the

30 GHz window ranges from 0,07 to 0,18 dB/km, in the 90 GHz region from 0,2 to 0,6 dB/km.

The attenuamtion ¢f the 130 GHz region is in the order of 1 dB/:m. Corresponding
calculatione based upon the US-Standard Atmosphere of 1962 and the Supplementsl
Atmoapheres as rompiled in the Handbook cf Geophysics and Space Environment (VALLEY,
1965) have shown that the upper values of attenuation are similar to thuse obiamined
with the Midlatitude Suwmmer Atmosphers and the lower ones correspond with those
obtainsd with the US-Standard Atmosphere of 1962,

As the metecrological data permit the use of winter and susmmer atmospheric conditions
the averuge values cf attenuation for winter and summoer of the Munich Area are plotrted
versus frequency for compariion purposes in figure 3.

The winter values do not differ very much from the summor values due t0o the fact that
the climate in Mid-Europe is maritime in comparison to the continental climate :mn USA.
The variamtion of attenuation in ons season is greater than the difference of tas
averags valuss fuxr summer and winter {compere Tig., 2 aud ).

The absorpiion bande are very asensitive to changes imn the coniernt of wator vapo and
oxygen. The dependence of absorption from height can be seen in figurs %, in wach
abaorption rates versus frequency are illusirated for sea leval and an alt- tude of

10 km. The absorption peak and width of the water vapor lines ars decraasing with
increasing height. For oxygeu the decreassa is not so obvious. This sensitivity in
peak and widih of the molecular sbsorption offers possibilities to ocense remotely tie
physical state of the atmosphere.

b.2 System Counsiderations

To determine the cumulative transfer characteristics along a zlant path a numerical
integration assuming a straight-line path through a spherically stxatified, layered
atmosphere must be carriad out,

4.2.1 Influence of the Atmosphere om Communicetion Links

For ground to space links the total attenuation through the atmosphers has %o be cou-
aidered. The lungth of the propagation path varies with the renith sangie for linke tov
aircrafi and non-stationary satellites, Figure § gives an imprsssion of the variation
of nttenuation for the fellowing parameters: general weathsr situation West, Wiuter,
South Germany without hydroweteors (table 1. and zemith angle aund frequsncy. 7The
calculaiions have been tarried cut Cor zenith asngles of 0,30 and B0 dexrves for the
troposphereup to 12 km height. In this example the frequency region was iimited te
100 GHz., Up to 20 UHz attemustion does mot exceed 3 dB, in xhe 30 GHxz-band it reonges
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from 0,3 to 2 dB and in the 90 GHz region from t to 6 dB.

In figure 6 the attenuation of *he 60 degrea zenith angla versus frequency is plotted
for the weather conditions West, Winter, South Germany with and withoui a rainrate of
0,7 mm/hr and clouds as listed in table 1. Up to 20 GHz this light rain is not serious
(less than 1 dB) wharaas the rain becomes a dstrimental factor(10 dB),for freguencies
greater than 80 GHz. Therefore transmission in this frequency region car hardly be
achieved under these weather conditiomnas without space diversity.

4.,2,2 Influenca of the Atmoaphere on Detection Radars

The performeance ot an active remote sensing system waa investigated for different
atmospheric conditions., The probability of detecting a target (SWERLING, P., 1954) by
means of a Ky-band radar (17 GHz) was calculatsd for the propagation conditions: free
space, clear air (& statistical model atmosphers) and rainrates of 6 or 12 mm/hr
superimposed. Rain backscatter ruppression waa assumad to be better than 30 dB, The
probability of detection versus range is illustrated in figure 7, For the 50% proba-
bility the relative difference of range is sbout 20% between free space {curve 1) and
a rainrate of 12 mm/hr (curve 4).

For the weather msituation West,Winter, South Germany with and without rainfall the
probability of detection by itwo radars operating at 31 GHz and 90 GHz non-coherently
with the same antenna (Dirmeter 1m) and peak power (20 KW) were calculated. The radar
cross section of the target was assumed to be 10 m2 for both frequencies. The rain
backscatter was not suppreased. Figure 8 shows the results of the calcvlationes. For
the 50 per cent probakility the raduction of range is about 50% for bath radairs

{(curva 7 - 2 for 31 GH:z and curve 3 - 4 for 90 GHz). This can easily be explained
when considering the volums backscatter of rain. For rain rates of i, 6 and 12 mm/hr
the volume backscattering cross section versus frequeacy is illustrated in figure 9,
The crosae sections have been calculated for linear polarized waves. The gredient of
the backscattering cross section decrsases with increasing frequency up to 100 GH=z.
Above thie frequency the cross section decreases according to the rain raie. The
volume backascatter coefficient of the rain rate of 1 mm/hr for 90 GHz is about five
times greater than for 31 GHz. Having the same antenna the beamwidth in ele¢vation and
azimuth for 90 GHz is one third of that for 31 GHz. Although the attenvation for

90 GHz i» about 6 times greater than for 31 GHz, the backscattering of rain causes the
same rslative reduction of radar range for both frequencies without rain clutter

s ippressicen.

5.3 Actuai Propagation Measurements and Comparison witl Theory

As cutlined already it appears highly desirable to find out the conformity between
the thecretical model and experimental results. Therefore propagation wmeasurements
ars carriszd crt to investigate the influsnce of the etmosphere on a high precision
tracking s.stem. One point of concentration is to study the diurnal variations of

range and angle. A further aim iu to find out by whick metsoxological data - statistical

refractivity profile or actual profile ~ the atmospheric influence can be deacribed
adequate.y.

4.3.1 Measuring Rangs and Equipment

The expesrimental test series was started in sumner 1977. The measuring equipment
{LYTZ, &., 1977) cunsists of

- tne rracking radar AN/MI'S 36 operated by the DfVLR/German Space Operation Center
oparating 1n the C-hand with a resolution of 0,9m and

~ A cransponder,

The tracking radar stnads in Workorzell nesar Ingolstadt on a hill 536m high. The
transponder ia placed on the top of the Zugspitze, the highest mountain in Germany at
2%63s ‘' “igure 10). Both locations are geodetical points go that the slant range
betwsen the antennas can be cetermined exactly with 167,144 ka with an error less than
0,.%k. The elevaticon anglie for line of smight in 0.07 degrees. The profile of the
terraia -8 plot-ed in figure 11, Theve is one critical regiom for the raudar beam up
to a dis:eanco ¢f 10 kn from the rader location whare the beam of 1.2 degrees width

wml ght -~ouch the gruund. The weasurements wmight therefore be influenced by ground
refleccions .

4.5 2 Comparison of Measured and Calculated Data

The ssa ured ranges wera not corrected for any stwospheric effects in the radar pro-
cassur. HAeasured razdar rangoes cm 20th July 1977, and the theoretical range values
obtainse with the computor model are illustrated in figure 1%2. The dots ripresent the
mean va.uwr ¢f 300 range measurements during 5 minutaes, Before and after these
weaxuremsnta the radar was calibrated in range and ungle. The measurements carried out
»vary hait nour show ar iuncreass of 4dm in the rangs of 167,187 km for 9.00 a.w. up to
11.00 a.m, due 0 the diurnsl veriation of the refractivity. An increasing cloud
cover of } » o 8/8 from 11.30 a.m. to 5.00 p.x. had » stabilizing iufluence on radar
renges. The variation of the rade- range of 167,391 km is about 1,%m for this tiwme
interval. Tae range calculsted for nuon with the actual profile, represented by &
crosr in fijure 12, liess vithin the wrror bars of the asasured one. Using the CCIR-
profiie (figurw 13) we oblained & radar range {cross with circ s) which corresponds

t¢ tha valuwe of 10 s.w. It differs frewm the meanurad ran;e by 2m 2nd by 1,%m from the
other one. 1t mmet be pointed out thav the measured range is greatar tham the calcu-
Lated one due *%: the fact that Lthe uctual profile i: smoothed by interpolation, and
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the natural fluctuations of the index of vefraction avar the propagation path are not
grasped (fig. 13).

The experimental and theoretical resultis of five other days obtained as described
above ave shown in figure 14. The measured rxradar ranges agreo well with those calcu-
lated. It seenis to be sufficient to use actual meteoralogical data obtained half way
between two points to determine the range in the order of 150 km with an accuracy of
less than 2m. Therefore position determination could he done by & faw range measure-
ments of a high precision radar. tHow far the exact position can be found nut by
measuremcnts of range and angle the following diagram (fig. 15) demunstrates, A great
discrepancy exists between measured and calculated elsvation mngle by this method due
to ground reflections for angles less than 1,5 degrees (beam width 1,2 degrees).
Furthermore, elevation angles loms than 5 degrees sufter from strong scintillations
indicated by the great error baras in figure 15.

The consideration of fluctuations of the index of refraction in the lower atmospheric
layers near the moasuring system mighi leead to batter results for the critical parsa-
meter elevation angle. Thias test serica is going on and there will be a report later
and in more detail.

5. CONCLUSION

The results have demonstrated that the important atmospheric effects on wave propa-
Zation in the frequency rsgiocn from 1 to 300 GHz can be sufficiently described by a
camputer model, This comprehensive model can be used for system design and evsluation
problems in the Mid-European weather szenario because statistical and charscteristic
wmodel atmospheres were made available by the GMGO. The program structure enables the
easy insertion of other statistical and actual meteorological data for example for
othar areas and for special investigations of microwave propagation, The tast series
carried out to astudy atmospheric eifecta on precise position determination has shown
that range mearsurements provide results with sufficient accuracy using one refractivity
profile measured in the middle of the range. Measuring and calculating alavation
angles by this method has proved to be critical,
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Table 1: Vertical profile for general German Weather condition:
West, Winter, South Germany, 12.00 - 18.00 Z,
Probability of Occurence 28% k
i
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1.200 a2y, FLITS! 4.9n Pt .16 ° 15,00 RAIN .10 0.0 20.0 'R
1,300 517, €B0.2 5.50 [P 0.00 0.00 AAIY .70 0.0 20.0
1,800 anT, £80.1 o.l0 ‘.6 0.00 0.00 ST .70 0.0 20.0 N
1,590 e, 280,41 S.70 “. 0,00 0.00 antn .70 0.6 20.0
1,600 784, 2795 S W 4R 0.00 0,60 RAIN .70 0.0 20.0 .
1,700 176, 19,0 9 “.8 000 €.00 asIN .10 0.0 20,0
1,400 767, 278,05 .50 Suk c.00 6.0 RAIN .70 0.0 20.0
1.900 759, 27840 “aln 5.2 0.00 0,00 RAIN »70 0.0 20.0
2,690 749, 27748 AL 5.6 0.00 2.00 aagn .79 0.0 20.0
3.00u akh, 27049 L2 5.8 .2 6 75,00 SKOw .70 0.0 20.0
4,000 LILH 2617 2400 5.7 0,00 0,00 0.00 0.0 0.0
5,000 se7, 258,¢ B2 5.2 0.00 0.00 6.00 0.0 0.0
6.00C 6l 25249 X «.9 £,00 0.00 0.00 0.0 0.0 ,
7.000 M4, 2abal o35 .7 .02 [] 25.00 0.00 0.0 0.0
8,000 e, 2Iee o158 ootk .02 [ 25.00 0.00 0.0 0.0
9.00¢ 287, 3%, oo 5.0 0.00 0,00 0.00 0.9 0.0
10,000 267, 28%.¢ .05 1.2 0.00 0,00 0.00 0.0 8.0
11.000 211, 22940 0.0¢ 11,0 0.00 0,00 0.6 0.0 0.0
12.080 1o, 2an.8 0.00 16.0 9.00 0,00 0,00 0.0 0.0
4 Stratocumulus
6 Altostratus
8 Cirrus !
t
t
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DISCUSSION

1. Réttger, FRG
What definegs the shape of the shown curve of the detection probability as function of distance for free space
propagation”?

Author’s Reply
The shape of the detection curve is dependent on atmiospheric attenuation and firee space loss and on the detection
mechanism which is uscd for the fluctuation of the target. Here we used the pulse-to-pulse fluctuation according to
Swerling’s case 11

Discussion note by J.Roitger
The accuracy of your method might be improved if you take ints account the smallscale structure of refractivity
variations in the troposphere. In Figure 11 show an example for typical structures observed with a vertical-looking
VHF radar operated by the Max-Planck-Institut fur Acronomic. This structure plot indicates lime-varying layers of
enhanced radar reflectivity which are caused by humidity and temperature variation (ref.: Rottger ).,
Klostermeyer J., Czechowsky P, Riister R., Schmidt G., Remote Sensing of the Atmosphere by VIIF Radar
Experiments, to be published in Die Naturwissenschaften, 1978).
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CARACTERISATION DL LA DISTORSION DU CANAL TROPOSPHERIQUL

par
A.Marguinaud
Thomson-CSEF/DITM
535, rue Greffulhe
92301  Levallois-Perret

RESUME

Lexposé traite de trois sujets:
® descniption du dispositif expérimental permettant d'évaluer le canal,
® présentation et synthése des résultats de mesure,

o pemarques sur la conception du systéme de réception.

1. Le dispositift expérimental permet de mesurer en fonction du temps (300 fols par seconde),
la fonotion de transfert du milieu sur les 2 canaux d'une diversité d'eapace.

Un autre dispositif permet d'obtenir aveec une fréquence d'édchantillonnage rapide
(8007 foirs par seconde) la ve.seur de 1'amplitude et du retard de transmission,

Les valeurs mesurées sont enregistrées sur bandes magnétiques qui sont ensuite trailtées
par ordinateur.

2. Les mesures ont été effcctuées pendant une durée de un an environ sur une lialson d'une
distance de 140 km A& 6 GHz, sur une hande de 10 Miz,

Les traitemznts réalisdés sur ordinateur permettent d'évaluer la bande de cohérence, la
stationnarité de la fonetion de transfert, 1'importance de la distorsion du point de vue énergétique
et retard de propagation, la corrélation entre les paramttres caractéristiques de la distorsion, etc.

3, Dans le cas de transmission numérique empruntant un canal distordu, on psut, soit chercher
& corriger la fonction de transfert puls uti{liser un démodulateur adapté A un canal parfait, solt comparer
le signal reju aux différenies versions de signeux élémentaircs estimées d'aprés les signaux déjh démo=
dulés. On montre que cette deuxidme solution eet toujours supérieure & la premidre i l'on tient compte
des signaux précurseurs et pcsteurseurs,

—




4.2

1.-

INTHOLUCTION

Depuis quelques anndes, la techmygue de tansmission par diftusion troposphérique permet denvisager des debits élevés
a condition de prendre en compte 'évolution de la dhistorsion du canal. Par exemple RAYTHEON ¢t SYLVANIA présentent des
équipeme nts prévus pour 6 ¢t 12 Mb/s. Pluaicurs concepiions sont propostes pour 'a modulation, la Jémedulation, fa mise en
veuvre de la diversité  modulation en quadrature 3 4 phases (4 PSK), modulation de fréquence a déviation mmimale (MSK),
portiltonnage temporel (time gating), Nltre transverse, combanaison apres démedulation, cte... . La collecte de données precises
et varices (temps et espace) est done dun grand intérét, ce qur eaphigue les campagnes de mesure actucliement menees par les
orgaismes militaires. Cet exposé déerit fe principe du bange de mesure réahist pour earegistrer sur le terran Pévolotion de la
fonction de transfert imstantanées du canal. Ces enregistrements numérigues sont prévus pour tester pat simulation divers
principes de réatisation dv modem ¢t e diversité dans les inémes conditions. Par ailleurs, or propose vne fonction caracténs-
tigue de 1a distorsion que Von utilise ensuite pour évaluer le degré de cortélation entre les principaux parasaétres de la haison.

DLSPOSITIF EXPERIMENTAL

2.l Description de la lialson

L

La liason st réalisée en FRANCE:, la partic émission est située 3 SERANS (région pansienne), la partie réception se
t-ouve 3 LI BAHOT sut la Manche

Les caractéristiques de la liaison sont l¢s suivantes :

, distance géographique 135 km

. sngle de site émission - 1,62 mrd
angle de slte réception - 0,5 mrd

. distance de 1'émission A& ..cn horizon 22 km
disvance de la réception A son horizon 38,3 km

. altitude de l'émission 223 m
altitude de la réception 60 m

. diamdtre de 1'antenne émission 3,6 m
diamdtre de 1'antenne réception 3m

. fréquence 6,375 GHz

. pulsesance émission 1 kW

On caractérise hablituellement la difficulté rencontrée pour utiliser ce gcanaux par leur
bande de cohérance, c'est-a-dire 1'écart de fréquence i partir duquel le coefficient de corrdla-
ticn entre les amplitudes de deux tréquences porteuses est inférieur A z

On considére que le débit en Mb/s que l'on peut tranumettre sans précaution partioculiére
sat numériquement de l'ordre de grandeur de la bande de cohérence (en Miz).

Les calculs effectués A partir des moddles classiques donnent les valeurs médianes oi-
dessous 3

Modele SUNLE RICE BELIO~DANIELL
Bande de oohé-
rence an Mz 3.4 9e3 X0

le dépouillemsnt des mesuresz donne des valeurs instantanées variant entre S et 15 MHz, Ces
réasultats numériques confirment la néoecsité d'une mise en neuvra de procédés adaptés au canal.

-



2 Meegure de la fonatlon 39 trensfert (fig. 1 et 2

Lo dispositif expérimentel est constrult autewr d'wn MLA (Miorowave Link Anplyser).

La fréquenve porteuse du nignal émis est d¢ la forme T 4 AT'.M.!,TT;& , expres-
slon dana laqueile les valeurs typlques our les resures sout :

¥ - 6,75 alz
4F = 5 Miz
g = 100 Hz

lLa modulation est constituée par un siganl dont le spcotre présente deux composantes
priincipules Jistantes de 1 Mz, A la réception, la comparaison de la phase de cues composantes
nermst l'estimstlon du temprs de propagation de groupe, FEn pratique, le MLA rdecepteur eat pré.
addé A'un sonieBle automatiqus do gain rapide (200 ms) qui fournit au MLA un signal de niveau
variant duus une plage de 1% dii, I1 en résulte que 1'eatimation do 1'amplitude du aignsl doit
8tre rdaliaée pur un eciroult développé spéoialement pcur 1'application.

les sigieux enalogigues enregletrés sont f1ltrés par un passe-bas de fréquence de
aounure 3 kHz, puls éohancillennéa et multiplexés A la fréquence de 8 kHz, et eafin numérisds
(8 bits par €chantillon) et enresistrés £uwr bande magnétique. les principaux signaux enregistrés
sont : la fréquence porteuse, 1'amplitude et 1'estimation du temps de propagation de groupe.

2.2 Mcsure du temps de propagation d¢ groupe (f1g. 3)

L'émetteur émet aves une porteuse de valaur fixs, de sorte qu'en utilisunt le méue
dispoeitif de réciption et de numérisation que ci-dessus, on dispose de 8 020 valeurs du
paramtre au lieu de 100 dans 1a mesure de la fonction de transfert, Par ailleurse, le principe
ut1lisé fournit une estimation du retard de propagaticn, Notons qu'on enregistre en méme temps
1l'amplitude du sigial, ce qui permet, par exemple, d'étudier la corrélation du retard de propa-
gation avec l'amplitude.

2.4 Etude de la diversité spatiale

L'objet de cette troisidme approche étalt de déterminer si la décorrélation des nivesux
des deux signaux regus entratnait la décorrélation des distorsions auss: blen sur 1'amplitude que
sur le temps de propagation de groupe.

Le dispositif expérimental est identique & celui de 1'émigsion du la liatson unique.

A 1'autre extréniié de la llalson, on trouve deux chaines de réception fournissant onhacune
le temps de propagation de groupe et l'amplitude en fonctlon de la position de la porteuse. Cas
signaux sont ensult- échantillonnés, multiplexés et numérisés par le dispositif dé)a déerit,

TRAITEMENTS REALISES SUR ORUINATEUR

3.1 Préparation des mesures

On rappelle que lec valeurs numériques citfes ne sont que des exemples et qu’il faudrait
des campagnes de mesures intensives pour en vérifier la stabilité statistique.

Tout d'abord, 11 s'agit de vérifier que les 3 paramitres caractéristiques du signal émis
ont bien la valeur convenable ; 11 s'agit de la largeur de bande explorde (AF) , de la fréquence
de balayage a) et de l'écart des composantes principales du signal de mesure. Apréds quelques
tAtonnements, on & abouti aux valeurs citées au § 2.2 ; ce compromis a été ddterminé A pariir des
caractéristiques du MLA et de 1'enregistreur magnétique, des cbjectifs do 1'expérimentation
(10 Mb/s) et de la stationnarité du milieu. Les figures 4 et 5 représentent les histogrammes des
écarts de mesures a une méme fréquence en fonction de 1'intervalle de temps qui lso sépare. Ces
résultats donnés A titre indicatif montrent que la qualité des mesures est suffisante pour les
traitements déorits par la suits.

Un calcul simple montre qu'il ne sersit pas raisonnable d'enregistrer les mesures sur de
lcngues périodes, c'est pourquol on enregistre seuiement pendant des intervalles d'une minute
déolenchés par un séquenceur. On a oonstaté expérimentalement que cet éohantillonnage de 1'infor=
mation ne perturbait pas de fagon sensible 1'étude de la distorsion instantanée du sigual,

Avant de procéder aux traitements intéressants sur 1'étuds du canal, on commenae par
velider les enreglstrements, par exemple en vérifiant que la restitution de porteuse fournit
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une courbe proche de la sinucoTde théorique (en phase et en fréquence). Une fols acqulse la vali-
dation de 1'enregistrement, 11 est nécessaire o remplacer par un calcul d'interpolation le
balayage sinusoTdal en tfréquence par un balaysge linéaire pour ne pas bialsc) les résultats des
traitemente ultérieurs,

3.2 Calculs de corrélation

La corrélation est pratiquement le egeul outil utilieé, c'est la raison pour laquelle 11
convient de dégager avec soin les principes de ce calcul.

La formule 1 ci-dessous est 1'expression clasaique permettant, en principe, de calculer

le coefficient de corrélation g entre les var:sbles x et 3 dont on comnnalt la culte des
échantillons T,

- (2~ 24~ 3)
J VI (- ¢ 3049

Pour calouler ¢e+te formule d'une fagon générale, on se heurte A trois difficultés :

(1)

. échelle de représentation des échantillons X, 3;,
, estimation de X et g '
. nombre d'éohantillons & prendre en compte.

La solution adoptée dans les truitementa a été de remplacer chaque valeur 2¢ par son rang.
C'ast-2~dire que %; est remplacé par le nombre d'échantillons de X qui sont plus petits que A

Ces problémes dn statistiques de rang sont blen connus (KENDALL) et conduisent naturellement a
s'affranchir de 1'estimation des valeurs moyennes., Du point de vue théorique, ces méthodes sont
plus robuates que les procédés ds la statistique paramétrique (cf. (1)) et, du point de vue pra-
tique, l'organisation des calculs est plus simple que dans le cas paramétrique.

On a vérifié de Ffagon expérimentale que les valeurs de g oalculéaes étalent nratiquement
indépendantes de 1'échelle de représentation : amplitude, dB ou rang, ce qui Justifie le choix
de la méthode de calcul.

Quant & la derniére diffioulté, cn a constatd expérimentalement que 1l'on obtenait des
résuliats identiques que l'on prenne 5, 10, 20 ou 30 secondes de signal. Comme on &'intéresse 3
1'aspect instantan$ de la distorsion, on effectue le caloul sur un intervalle de 5 & 10 secondes.

3.2 Caractérisation de la distorsion

La méthode habituelle coneiste A appliquer la formule (1) aux amplitwies seulement, 11
est tentant d'appiiquer la mfme méthode su temps de propagation de groupe. Les histogrammes de
e deux estimations sont représentée sur les riguves 6 et 7.

Une autre fagon de caractériser la distorsion consiste A calculer 1'histogramme des
retards de propagation (ef. fig. 8). De cet lilstogramme on peut estimer 1'écart type ¢’ de ce

retard, ¢t ainsi ocalouler lu bande de cohérence '55 en amplitude par la formule (2) :

‘& ﬁ, en MHz
(2) B = =— avec g~ en ms
¢ o g ~F=o32

Les réguitats obtenus par ia formule (2) sonl cunparables & ceux ds 1a figurc §, on ns
peut toutefols se proncnoer car le dispositif expérimental ne permet pas uno réalisation simul-
tande des deux expériences.

«
i

Les estimations précédentes fournissent une indication moyenne du comportement du canal,
il a dono été nécessaire de définir une mosure de la distorasion instantande.

Dans cette oonférence, on en proposa 2. la premidre est décrite dans la suite de ce
paragraphe et a 1'intér#t de fuurnir une estimation aimple de la corrélation sntre niveau moyen
du signal et distorsion. La maconde sera exposée dans le paragraphe 4 oar elle résulte de consi-
dérations théoriques sur les MODEM,




La iz wae 9 montre le procédé utilisé pour résumer ln distorsion instantande du canal.
Le prooédé eset applioable aussi blen au temps de propagation de groupe qu'a 1'amplitude. 51 o
caaal n'e'.,ait. pas distordu, ces deux Quantités seraient oconstantes dans ls bande. Etant donné un
doars d'amplitude AA (exprimé en dB) on cherohe la valeur de 1'amplitucde n (oentre de la
fenftre) qui oorrosgand au plus grand nombre d'échantillons d'amplitude & 1'intérieur de
1'intervalle . Plus oe maximum est élevé, moins le canal est distordu. Bien
entendu, le prooédé eut. app lcable au temps de propagation de groupe, avec un écart de temps A¥
et un oentre de fendtre temporel ¥ .

3.4 Corrélation amplitude-temps de propagation de groupe (TPG)

Lorsqu'on observe, avec un ralentissement de l'ordre de 20, les courbes d'amplitude et de

tempa de propagation do groupes sur 10 ou 20 Miz, on constate que les 2 courbes "s'axitent" ensemble.

On vérifie & partir des enregistrenents que le coefficient de corréiatior entre la distorsion
d'amplitude et la distorsion de tempe de propagation de groupe est de 1’ordre de 0,70,

C'est la sewle corrélation que l'on a trouvée erire 1l'amplitude et le temps de propaga-
tion de groupe. En effet, on vér!fie que la va.sr de la bande de cuhérence oalculée A partir
de 1'amplitude est décorrélée de celle calculée a partir du tomps de propagation de
greupe,

Enfin, le coefficient de corrélation de 1'amplitude et du temps de propagation & une
méme fréquencs reste inférieur & 0,2. Ces résultats montrent qu'il faut estimer les 2 types de
distorsion pour démoduler.

3 5 Corrélation niveau-distoraion

Pour AA et A% fixés, on dispose des deux valeurs des centres de fenétre A ot &
que i'on peut corréler avec les 2 distorsicns. On a ubtenu les valeurs du cosfficlent de corré-
lution données par le sohéma oi-dessous 1

A 03 distorsion d'amplitude

/

"

—

02 i
T = 0,2 distorsion de TPG

Ces valeurs rumériques concernent le comportemsnt instantan€ du signal et on peut obtenir
des résultats apparemment différents si on &'intéresse par exemple a la corrélaticn du niveau
médian aves la fréquence dana le ocas de fortes distorsions.

L'ordre de grandeur des valeurs numériques du schéma ci-dessus montrz qu'il y a peu A
espérer de la prise en considération du niveau du signal ou de son retard pour estimer le risque
d'erreur entralné par 1a distorsion du canal. Ce résultzst est important powr l'utilisation de la
diversité puisqu'il démonire que chaque réospteur doit posséder son estimateur de degré de
oonfiance instantané.

3.6 Cormélation d'espace
Les emplacements des deux aériens de réoceptior ont été choisis de fagon 2 s'assurer que,

pour toute fréquence, les paramdtres d'ampliitude [ou de temps de propagation de groupe) scnt
déoorrélés sur les deux voies de réception.

Les premidres exploitations montrent que les distorsions sont décorrélées sur les deur
voies aomme le montre le sohéma ci-dessous

vole 1 voie 2

distorasion d'amplitude \ 0,16 / distorsion d'amplitude
1

o

0
aistoraton de TPG 00— T, distorsion de TPC
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Ces rdésultats sont f{uvorables car 118 montrent que la diversité permet de réduire le ;
taux d'errewr d0 aux distoraions. !

4.~ REMARQUES SUR LA CONCEPTION DU SYSI1EME DE RECEPTION

4.1 Choix du code de modulation

Ies valeurs numéricies obtenuea montrent qu'il est nécossaire de mettre sn omuvre des
méthodes adaptatives, Cette adaptation permanente est équivalente A une est.mation en temps réel
de la fonctlion de transfert. On congoit que cetto estimation sera facile A mettre en osuvre sl
les spectres Jdes signaux élémentaires sunt égaux ou proportionnels entre eux. En effet, la connals-
sance de la distorsion suble par un scul signul elémentaire permet de consiruire la distorsion
subje par les 1itre signaux élémentaires. Cette remarque limite dono le choix aux modulations
par saut de phase ou d'amplitude. Dans 1'étal actuel dea bLesoins on peut s'en tenir A la modulation
en quadrature de phase.

4.2 Utllisation de la diversité

Avec une bonne approximation, on peut considérer que les erreurs dues A la dégradaiion
du rapport signal sur bruit étaient indépsndantes de celies dues & la distorsion,

I1 faut done prévoir une mesure du degré de confiance attaché A ohaque déolsior élémen-
taire sur chaque vole.

L'évolution des cofits el des possibilités de trattement 1.acite fortement & utiliser un
démodulateur adapté avec 1l'indiocinteur de qualité sw ohaque voie réceptrice.

4.3 Démodulation edaptée

L'adaptation A la réception comprend donc quatre types de traiteuents :

. estimaticn de la distcrsion,

. prise en compte de la distorsion,

. reconnalss:ince de la sulte de signaux €lémentaires,

. combinaison des informations recueillies sur chaque voie de dive-sité.

Ces opérations ne snnt pas forcdment réalisées dans 1'ordre ci-dessus, Par aiheurs, nous
allons montrer que la reoconnaissance des signaux élémentaires doit 8tre organisée 4'ume fm;on difré-

rento de celle utilisée dang les transmissions de données pour lesqualles la distorsion d'amplitude
est falble,

En effst, on peut solt corriger le signal recu pour qu'il ressemble A un algnal parfalt,
soit comparer chaque mignal regu aux versions distordues estimées,

On peut représenter le signal émis par une série trigonométrique de la forme (3 )

) al) = Zoay eor (0 b L)
’ £

La transmission introduit du bruit additif désigné par la suite des valeurs m. et une
distorsion des conj-osantes rTeprésentée par les couples de parsmdtres (ﬁ” VA ) .

Cn pout dnnc représsnter le sigmal Toju par la sérls trigonoméiriguc {!) do FOURIER 3
M
L : . .
(4) PNOES S [aiﬁtcc:(w,_.J e ) + ryem(w E+8;)]
FeLs

Comme la stationnarité du oanal est conveuable sur plusieurs centaines de signaux 61é-
mentaires, on peut aboutir A uns excellente estimation des couples de paramdtres ({; , Q‘\ sauf
peut-8tre pour les composantes trés affaibliss,



Dens ces conditions, le signal corrigé (proocéué classique) est donné par () :

~ { }
(5) 2 = T(acen(wb+f) s B ocor (it e 8)]
“ 4
Lo démoduleteur réalise i'opération su‘vante :

®) E( [Ae)a(2dt)= :Z[ah('-',‘:"fﬂ

s

Lo rapport signal sur bruit vavt alore f

("n _ f ik),,

Dans la démodulation adaptée ls uigwl de rétérence est ls signal distordu dont 1'expres-
vion ent donnée par (8) 1

Ay = . . £ <
@) n(t) -L,?__C& coa (w b+ o)

la ¢émodulateur adapté rdalise L'opération (9) !

© E(JRE ne)at) = T xR el ]

Lo rapport signul s bruit vaul alors 1

) Z. (a; v\f. ),'
3; E_ mE

Fow effeotuer la comparaison des exprcosions (7) et (10) 11 est commods de riehdre tour
les M. égaux A M et tow lus a; dgaux & Ou ce qu donne les expreesiors (11) :

& A
Al g'g‘g
(11} .
o Th
Yg.' wl ™

Uis inégail i€ claspique dv comhinatoirs (of. STELUN et ALRAMWILNZY muntye que l'on &
towjoury

(1) ?a. > Y

‘e

Certe indgalité {12) s’explique physiquer nt par e fait que le brait du récepieur situé dans les purties affaiblies du
spectre est re-nonté par le filus cornvceur de distursion.

T g~ g




Le rapport .S‘_" peut donc secrvir de paramdtre osaractéristique Jde la distoraion instantanée

du eanal. o

(3) d,:j-‘}:-i-—-(zet%)(%%r))i

[

La figure 10 qui représente un histogramme des valeurs relevées pour ce paramétre ¢ montse que la perte due 4 une
correct;on mal adaptée de la distorsion est supéricure & 2 dB pendant ! % du temps.

Duans I'expression (13), la distorsien de phase n'appacait pas, ce qui ne signifie pas qu'on n'a pas 4 s'en préoccuper.
Par exemple si 'on utilise une modulaticn a 2 voies cn quadrature (4 PSK, MSK), on ne peut extraire ces 2 voies 4 la réception
par un hétérodynage en quadrature car les composantes spectrales rdu signal n’ont pas tourné de la méine quantité. It en résulte
qu'il faut introduire une coriection de la distorsion de pha.e avant de séparer les 2 voies en quadrature.

Cette derniére remarque ainsi que jes résultats de mesuses de (a corrélation suggérent une organisation de ia réception
représentée sur la figure (11).

+ CONCLUSTON

Cet exposé a mie en relief 1l'aepect ligloiel de la tranamission numérique par diffusion
tropomphérique en raison de la nouveauté des procédée & mattre en oeuvrs, Cotte nouveautd résults
Jde 1'introduction de wraitemente dlaborés du signal que L'on ne rencontre pas de fzgon hebituelle
dans les faiasceaux hartziens mnalogiques. En déplt de 1'intér8t considérable de ces études, 1l
ne faut pas perdre de vue que le colit des équipemenie de traltemsnt continuera de dédoroltre en
valeur relative, de sorte que la partie onérouse et difficile A réaliser sur le plan technique
reaters 1'étage de pulssance A 1'émission. En rdésumé, l'augmentation dex débits est envisagoable
grice aux progray conceptusls et technologiques dans le domaine du tialtement mais les parfor-
mances restent limitées par les donnéee de la thermodynamque et de la propagation,
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AEROSPACE PROPAGATION PREDICTION CAPABILITIES
ASSOCIATED WITH THE IF-77 MODEL

M. E. Johnson and G. D. Gierhart
Office of Telecommunjcations
Institute for Telecommunication Sciences
Boulder, Cclorado 80303, U.S.A.

SUMMARY

The United States Department of Commerce (DOC) has been active in radioc wave propa-
gation research and prediction for scveral decades, and has provided the Federal Aviation
Adninistration (FAA) with many propagation predictions relevant to the coverage cf air
navigation and communications systems. During 1960-1973, an air/ground propagation mod-
el applicable to irregular terrain was developed by the Cffice of Telecommunications/
Institute for Telecommunicaticn Sciences (0T/ITS) for the FAA and was documented in de-
tail. This IF-73 (ITS-FAA-1973) propagation model has evolved into the IF-77 model,
which is applicable to air/ground, air/air, ground/satellite, and air/satellite paths.

It can also be used for grcund/ground paths that are line-of-sight, smooth earth, or
have a common horizon. Model applications are restricted to telecommunication links
operating at radio freguenciecs from about 0.1 to 20 GHz with antenna hecights greater
than 0.5 m. 1In addition, the elevation of the radio horizon must be less vhan the ele-
vation of the higher antenna. The radio horizon for the hicher antenna is taken either
as a common horizon with the lowev antenna or as a smooth earth horizon with the same
elevativa as the lower antenna's effective reflecting plane.

This propagation model has been incorperated into ten computer programs. These pro-
grams may be used to cbtain a wide variety of computer-generated microfilm plots such as
transmissior loss versus path length and desired-to-undesired signal ratioc at a receiv-
ing location versus the distance ceparating the desired and undesired transmitting facil-
ities. Such capabilities are useful in estimating the service coverage of aerospace
radic systems, and are currently being used to establish station separation requirements
for VHF/UHF/SHF air navigation aids. This paper provides (1, a brief discussion of the
1F-77 propagatijon model, (2) a summary of the prediction capabilities available, and (3)
remarks concerning model validation work.

1. INTRODUCTI1ON

hAssignments for aeronautical radio in the radio frejuency spectrum must be made so
as to provide reliable services for an increasing air traffic density. Potential inter-
ference between facilities operating on the same or on adjacent channels must be consid-
ered 1n expanding present services to meet tuture demands. Service quality depends on
many factors including the desircd-to-undesired signal ratio at the receiver. This ra-
tio varies with receiver location and time even when other parameters, such as antenna
gain and radiated powers, are fixed.

The prediction capabilities mentioned in this paper were developed at OT/ITS with
the sponsorship of the FAA. BAlthough these were intended for use in predicting the ser-
vice coverage associated with ground- or satellite-based VHF/UHF/SHF ajr navigation aids,
they can be used for otaer services.

2. PROPAGATION MODEL

At 0.1 to 20 GHz, propagation of radio energy is affected by the lower nonionized
atmosphere (troposphere), specifically by varia=ions in the refractive index of the at-
mosphere. Atmospheric absorption and attenuation or scattering due to rain become impor-
tant at SRF. The terrain, along #nd in the vicinity of the great circle path between
trangmitter and receivcer also plays an important part. 1n this trequency range, time
and space, variations of received signals, and interference ratios lend themselves read-
ily to statistical description.

Conceptually, the model is very similar to the Longley-Rice propagation model for
propagation cver irregular terrain, particularliy in that attenuation versus distance
curves calculated for the {a) line-of-signt, (b) diffraction, and (c) scatter regions
are blended together to obtain valuet in transition regions (Longley and Rice, 1968).

In addition, the Longley-Rice relationships involving the terrain parameter Ah are used
to estimate radio horizon parametexs when such information is not available from facility
siting data. The model includes allowance for

(a) average ray bending (Bean and Dutton, 1968; sec. 3),

{(b) horizon effects (Gierhart and Johnson, 1973, sec. A.4.1),

{c) long-term power fading (Rice et al., 1967, sec. 10),

(d) vertical plans patterns for both antennas (Hartman, 1974, sec. CI-D.3),
(e) surface reflection multipath (Hartman, 1974, sec. CI-D.7),

(£) troposphexic multipath (Gierhart and Johnson, 1973, sec. A.7),

(g) atmospheric absorption (Rice et al., 1%$67, sac. 3),

(h) iocnospheric scintillations (Whitney et al., 1971),
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(i) rain attenvation (Samson, 1975, sec. 3),

(j) reflection from an elevated counterpoise (Gierhart and Johnson, 1973,
sec. A.4.2),

(k) smooth earth diffraction (Longley and Rice, 1968, sec. 3.2).
(1) knife-edge diffraction (Longley and Reasoner, 1970, sec. 3.5}, and
(m) forward scatter (Rice et al,, 1967, sec. 9).

Input parameters for IF-77 are summarized in figure 1. Note that the minimum parameter
requirement is frequency and antenna elevations (Hl and H2).

The above discussion provides a very brief description of the IF-77 model and con-
tains sufficient specific references to allow readers to pursue topics of interest to
them. However, additional discussion is provided here for some parts of the model that
may be of particular interest in connection with the predictions made for aerospace sys-
tems wich line-of-sight service limitations; i.e., power available (sec. 21.), median
basic transmission loss (sec. 2.2), and variability (sec. 2.3).

2.1. Power Available

Power availahle as calculated in IF-77 is taken as the power available from the re-~
ceiving antenna terminals under matched conditions when internal heat losses of the ra-
ceiving antenna and path antenna gain loss are neglected. Compensation for internal
heat loss or gain-leoss factors needed to refer the available power to some point in the
receiving system other than the receiving antenna terminals can be made by an appropri -
ate adjustment to the radiated power or antenna gains used for computer program input.

Power available Pa(q) levels exceeded for a fraction of time g are determined using

Pa(q) = EIRPG + GNT + GNR - Lb\O.S) + Yz(q) dBW, (L)
EIRPG = EIRP + GR dBwW, and (2)
EIRP = PTR + GT dBw, (3)

Here EIRP is equivalent isotropically radiated power, P in decibels greater than

1 W (dBW) is the total power radiated by the transmittixg antenna, and GT R in deci~
bels greater than isorropic {dsi) is the maximum gain of the transmitting’anienua oo
receiving antenra respectively. Losses (e.g., lines) associated with the trsansmitting
system should be considered in calculating radiated power from transmitter output power.
Normalized antenna gain (G.T or G,.) in decibels greater than maximum gain (G, or G.)
is included in (1) to alloa for aH%enna directivity when maximum gain is not Ipprop?i-
ate {i.e., the antennas are not pointed at each other). A tracking option is available
that keeps antenna main beams pointed at each other. Methodes used to calculate the
median basic¢ transmission loss, L, (0.5), and the total variability with time, Y _(q)},
are discussed in section 2.2 and 2.3. Note that Y_(g) is the only term on the r%ght-
hand side of (1) that contains variability with tifle when path parameters (e.g., dis-
tance, heights, etc.) are fixed, and EIKP is considered to be cconstant with time.

2.2, Median Basic Transmiseion lLoss

Median basic transimission loss Lb(O.S) is calculated from

Lb(0.5) - L + Aa + Acr - Ve(0.5) as, (4)

bf

where L _, is basic transmission loss for free space, A_ ia averagg atmospheric absorg-
tion, A" iz a reference attenuation calculated for th§ propagation mode(s) applicable
for a pS&Fticular path (e.g., line~of-sight variability, line-of-sight lobing, diffrac-
tion, scatter, or transition regions), and Ve(O.S) is a median adjustment associated
with long-term variability.

With the variability option, lobing associated with a specular reflection from the
earth's surface is suppressed inside the far portion of the horizon lobe. When lobing
is suppressed in this way, an appropriate increase in the variability associated with
short-term variability {dec. 2.3) is made. A conditional adjustment factor, A .. that
is a function of the long-term variability is used to prevent availaktle power levels
from exceading levelas expected for free-space propagation by an unreclistic amount when
the long-term varialility about L, (0.5) is large; i.e., Ac is increased so that the
long-term power does not exceed i?s free-space value by 3 8B for more thsn 10 percent
of the time. Lobing associated with a counterpoise reflection is included in Acr avan
when the variability option is used.

With the lobing option, lobing essociated with interference batweea the divr-ct ray
and specular reflections from both the counterpoise and the earth's surface ave allowad
to determine A__ for the first 10 lobes inaside the smooth earth radio horizon. Contri-
butions to shoff-term varisbility associated with the specular earth's surface reflec-
tion are neglected when A is based on lobing. The program calculates several points
for each of the 10 lobes Fhaide the horizon. One of these will be the lobo null if no
counterpoise reflecrted ray is present and the phase change asgcclated with reflection
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is 180°. Otherwise, calculations may not actually be made for the null case. Condi-
tions most likely to result in missed nulls involve the propagation of vertical polar-
ization over sca water or transition regions where beth the earth surface and counter-
poise reflected rays are signiticant.

Calculation of A in the diffraction region involves a w2ighted averea ;e of rounded
earth and knife-edge 8irfraction attenuations. Transition between the line-of-s8ight and
diffraction regions is made using a straight line connecting a diffraction valve at the
radio horizon with a point in the line-of-sight region where the ray optics formulation
is valid.

2.3. vVariability

The varianility term of (1) is calculated from

= 4 ? 2
Y (q) = ¢ Jvé(m v ¥2(q) + ¥2(q) + vi(@)  as, (5)

+ for q < 0.5
- otherwise

where Y _(q) is long-term (hourly-median) variability, Y {q) is variability associated
with suPface refiection and tropospheric mvltipath, Y _(q) is rain attenuation variabil-
ity, and Y. (q) is variability associated with ionosphbric scintillation. The short-term
{(within the hour) variabilities Yﬂ(q), Y _(g), anda Y_ are ncglected if the option for
long-term variability only is selected: fe., Y.(q)'= Y _(q) when the option to predict
the distributior. of hourly median levels is selécted. fie median level of P_{(d) is not
dependent on Y (q) since Y (0.5} = Y_(0.5) = v, (0.5) =¥ (0.5 = 0. a

The IF-77"model contatns long-tgrm variability optigna which allow variegbilities
for different climates or time blocks within a continental temperate climate to be selec-
ted. These variabilities are similar to, but not identical with, those provided by Tech-
nical Note 101 (Rice et al., 1967), or the CCIR, (1970). Techniques used in IF-73 to
prevent excessive long-term variability are still used.

Nakagami-Rice distributions are used for Y_(g) (Rice et al., 1967, p. V-8). These
distributions provide statistics for the case wﬁere a constant vector is added to a Ray-
leigh-distributed vector. The particular distribution applicable is selected by a pa-
ramcter K where K is the ratio in decibels between the steady component of raceived
power and the Rayleigh fading component. If K is large (> 40 dB), Y, (q) = 0, and if K
is small (< =20 dB), Y _(q) is a Rayleigh distribution. Power for thd Rayleigh distri-
buted vector is taken ls the sum of relative powers associated with surface reflection
multipath and trcpospheric multipath.

Surface reflection multipath is calculated from effective reflection coefficients
for specular and diffuse reflection from the earth's surface. When the specular compo-
nent is used to produce lobing (i.e., lobing option selected), it is neglected in the
calculation of surface reflection multipath power. These effective reflection coeffi-
cients include allowances for surface constants, frequency, surtace roughnesas, relative
direct-roflected ray antenna gain, relative direct-reflected ray lengths, counterpoise
shadowing, and divergence. Counterpoise reflection is always allowed to cause lobing
and is never allowed tc contribute to Yﬂ(q). For beyond-the-horizen paths, surface re-
flection multipath contributions are neglected.

The tropospheric multipath power formulation for the line-of-sight region was de-
rived from an outage time formulation developed for microwave relay links {(Lenkurt, 1970,
pp. 60, 13=2, 119). Just beyond the hoiizon, the formulation involves a lincar inter-
polation between the K parameter value applicable at the radio horizen and a K = -20 4B
value used in the scatter region. Data (Janes, 195%) wer2 used to determine the dis-
tance beyond which short-term fading for beyond-the-horizon paths can be characterized
as Rayleigh (K < -20 dB).

Rain attenuation variability is based on an extensjion of work done by Samson, (1975,
sec. 3), The formulation involvea

g 0 for q < 0.98
Yr(q) = /[ aB (6)
( Arr(q)rB otherwise

where A__(q) is the rain attenuation rate determined using rain rate statistics, and

r is ahfin-storm ray length. Note that Y _(3) =« 0 for time avallabilities less that 98%.
Ioncspheric scintillation variabilityris described with the distribution: ~iven by

Whitney et al., (1971). The model does not predict the ionospheric scintille . ‘nlex;

i.e., an appropriate value is selected for an ionospheric scintillation grci:~» number

whiclh is a mcdel input parzmeter.

3. PROGRAMMED CAPABILITIES

The IF-77 model has been incoiporated inte ten computer programs which provide 28
plotting capabilities. These programs cause the computer to produce paramgter summary
sheets and microfilm plots. A guide to the plotting capabilities currently available
is provided in figure 2, and a sample parameter sheet is shown in figure 3. An appli-
cations gnida coverins these programs is being prepared (Johnson and Gierhart, 1978).
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Capabilities 1 througn 10 are ocutputs from a esingle program called LOBING (Hartman,
1974, sec. CII). This program uses an abbreviated version of IF-77 that is applicable
only to the linu-of-sight region for a spherical earth in which variability with time
and horiroa effects are neglected. Various parameters such as tronsmission loss, re-
flection coefficient, time lag, and elevation ungle are plotted against path distance.
Figure 4 is a trarsmission loss curve in which the lobing caused by interference betweun
direct and reflectzd ray is shown along with limiting and frece space values., Flight
trrough such a lobing structure will cause periodic variation in received level. and the
lobe or doppler-beat modulation frequency (Read and Russell, 1964, sec. 10) associated
with it can be estimated using the lobing frequency plots of capabilities 5 and 6.

These plaots arce normalized with respect to carrier frequency, and aircraft velocity such
that the radial component of velocity is used with capability 5 and the vertical compo-
nent is usod with capability 6 {Hartman, 1974, secs. CII-C.6, ClLI-C.7).

Capibaiities 11 through 23 provide information relevant to received signal laovel as
power availabie, power density, transnission loss, or the equivalent isotropically radi-
ated power needed to oktain a specified power density. The selected gquantity may be
used as the ordinate for capabilities li through 1€, or shown as contours for rpecific
levels in the altitude versus distanc2 plane for capabilities 17 through 23.

Figure 5 was produced by using capability 13 for parameterc of figure 3 which ave
identical to those used for figure ¢ except that the option to include lobing as part of
the time variability wos used along with the rautical mile plotting option. Figure 5
shows the transmission loss predicted under free space conditions along vith loss levels
expected to be unexceeded during 5, 50, arnd 95 parcent o€ the time. In addition, the
lobing pattern from figure 4 hds heen superimpos:d to illustrate the differenze between
the two ways of treating lobing. Yotz that the 95 percent loss is not as great as the
loss encountered in a null, buit that it is vesuall greater than the 1lnss predicted by
the lobing model. The monotonic navure o the curves develnped with the variabiliiy op-
tion make them more convcnient to use in sevvire range predictions. However, if the
frequency and antenna heights are such that only a few lobes are present, the lobing op-
tion is probably preferable since it prov.ides inforumation con the location of strong and
weak signal ragions. These regions arc both large and stable in that changes of refrac-
tive conditions or uncertainiy associated with the precise aircraft location would not
drastically alter the received signal level.

Capabilities 24 through 28 provide information cn the desired to undesired signai
ratio, D/U, availahle at the aircraft when transmissions frum two facilities are received
simultaneously. %he interference configuration is illustratea in figure 6. Note that
station separation, 5, is defined as the sum of dp and dj; so that § iz equal to the
great-circle facility separation, Sg, only when the facilities and th¢ ajicraft are along
the same great circle.

Capabilities 24 and 25 provide curves of R/U versus S or d_, respectively. Figure
7 was developed using capabilicy 24. It can be used to estimat® the station separation

needed tc obtain a reguired v/U value for the specified aircraft locatica ({altitude and dD

Figure 8 was develored using capability 26, Curves shcwing the relative azimuthal
orientation of the undesired facility, ¢., with respect to rhe great-circle path conuec-
ting the desired and undesired facility gre plotted versus the facilily s:paration re-
quired to achieve a required D/U ratiou or better at each of zix spucified protection
points. Each curve represents a different relative azimuthal orizntation of the desired
facility, ¢,, With respect to the path connecting facilities,

Orientgtlon ceometry for the protecticn points is illustrated in figure Y. Protec-
tion point C is used to illustrate the difference between facility sepzration, &H., vsed
in figure 8, and station separation, S, used elsewhere (fig. 7). In pariicyaiar, S. < S
since S need not he measured along the great-circle path conueccing the facilitiss.

Note that (a) the dU to point C cihianges as ¢, c¢hanges ever if S, remains fixed, and (b)
the angle frowm the undesired facility to poiRt C changes with bbth ¢. and ¢, s0 that
the anplicable goin for the undesired facility varies in accordance With it3 Lorizontal
pattern even if S_ remains fixed.

The geomet;igal conseqiences of these compiications are handled as part of the zal-
culations performed by program TWIRL. These calcaiztions would be very tedious to per-
form by hand eve1 if approprlate signal ratio gyaphs (fig. 9) were available. A gra;h
siwilar to figure 8 is comstructed for each procection point, and fhe maximum S_ fox
each combinaticn of ¢, and ¢, is selected for the firal graph (fig. 8). The 2 Inter-
mediate girapis have a forma. identical to figure B and are available as compuater output
even though no samples ure provided here.

Capawnilities 27 and 28 provide ~2niours ror fixed N/U values in the altitude versus
distance plane i1or a fixed raciiity .eparation. With capability 27, a ciangle D/U value
is used with 3 different time availabliitier, whereas capability 28 invelves a fixed
tine availability and se.eral D/U valucv. Fijure 10 was prodvced using capability 8.

4. MODEL VRALIZATION

tiodel validation work is being done by compaxing nredictione made using IF-7/7 with
measured data and other predictions. While this work vill eventually invelve comparisons
witn data from many sourcas, the rzmarks made here involve only those data obtained from
a single data source (Longley et al., 1971). This source was celexted for our initial
sf{fort because it (a) "...summarizes measurements of tropospheric transmission loss and
its long-tern variakility for nearly BC0 paths in varicus parts of the world"; (b) con-
vains sufficient informacvion on path parametcrs, inc¢ludirg path precfiles, for IF-77 in-
put; ard (c) rrovides mredictions based on two otlher widely used moduls.

Figure 11 is a sample of the compariscons: being made. It is & copy of a figure from
che dota sovrce to which 2 prediction made with IF-77 (labeled FiA) has beeu added. The
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other predictions were made with the Technical Note 10l method (Rice et al., 1967), and
the ESSA 70 Model (Longley and Reasoner, 1970).

About 200 paths in the data source can be predicted using IF-77, and figurea simi-
lar to figure 11 arc bheing developed for them. Then statistics for the difference be-
tween predicted and mecasured median transmission loass values will be determined as a
function of path type for each o0o¢ tlie three medela nentioned here,
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PARAMETER
Aircraft (or higher) antenna height abouve mean sea
level msl), H1

racility (or lower) antenna height above facility
site surface (fss), H2

Freguency

Aircraft antenna type options
Polarization options
Tracking optiens
tffective reflection surface alecvation above msl
Equivalent isotropically radiated power
Facility antenna type aoptions
Counterpoise diametsr

fieight above fus

Polarization options

Tracking
Gain, receiving antenna (main beam)

Transmitiing antenna (main beam)
Transmitting antenna location

Horizon cbstacle distance from facility

Elevaticn angle above horizontal at facility
Height above msl

Ionospheric scintillation options
Index gruup

Rain attenuation options
Arranuarion/im
Seurm aglze
Zone

Refractivity
Effective earth's radius
or minimum wmcnthly rean, N

Surfaca reflection lobing opticans

Surface types options
Baa state

or rus weve heighx. %
Toaparacture
Terrain elevatiun apove msl ot Zacilicy
Parameter, Ah

Tims avajlabliity options

Clinmscay

or time blocks

RANGE

> Facility horizon height

> 1.5 ft (0.5 m) abuvo fas

0.1 to 20 GHz

Specification of the followirg parametars is sptional

Taotropic,* ¢ as spocified*

None, identical with faciiity
Direct.-.nal* or tracking

At fsw? ox opecifisd vulue above msi
0.0 dBw* or gpecifiey

Isotropic* ¢r as speciried

0% to 500 ft (152 m}

0O* to 500 ft (152 m)
Balow facility antenna by at lzast 3 ft (¥ =) but no
more than 2006 fr (610 m)

Horizental,* vertical. ox circulsr
Directional* or tiacking

0* to 40 JBi

0* to 60 dBi

Alvcratt or facility*

From 0.1 to 3 times smeoth carth wosizon distence
(calculated)*

<12 deg {calculatad;*

0* to 15,000 frt-mal (4572 m-mgl) and < aircraft altitude
No scintillation* or specified

O* to 9, 6 for variable

Nune* or computed with dB/km or zone

¢ do/Re and up

S, 1u,* 20 km

1 o6

dC10 to €970 n wmi {7427 to 11,242 km)
200 to 400 N-unitw {301 P-units)*
Contributes to variabllity* or detemines median level

Poor, aversgo* or qooJ'q:ound, fraein or sea watey,
cong. ute, matal

O-glasey,” 1-rippled, Z-wwooth, 3-alight, d-maderate,
5-rough, L=-very rough, 7-higr, 2-very high, $-phenomenal

G to 50 m (194 tt)

0, 16,* cr 20°C

G* Lo 15,000 tt-mel (4572 m 1asl)
G or gveatcr

Por ing.antaacuun levels exceeded” or for hourly radjan
lovals axceodsd

G*=Concinwiial all year, 1-Eqguatorial, 2-Continsntel
subtxepical, d-Maritime sukcrorical, 4-Desert, €-Con
tinentel Temperate, 7a-Maririme Tomper~te Overland,
Th=paritins Tamparate Ovorrieas

1, Lhrough B, sumesr, winter

°yaluoe o1 optiions that will be ausumed vhen specific designations 4ze nct muds arv flayged by sersrisks.

Figure 1. Input peravecers for IV=77.
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CAPABILITY REMARKS*

1. LOBING** Transmiselon loss versus path diatancs.

2. REFLECTION COEFTICIENT** Effective specular reflection ~osfficient versus path distance.

3 PATH LFNGTH DIPFERENCE®*® pifference in direct and reflected ray lengths versus path distance.

4. TIME LAG"* Same as above but with path longth dif arence expressed as time delay.

5, LOBING FREQUENCY-D** Wormalired distance lobing frequency versus path distance.

6., LOBING FREQUENCY~HY® Normalized height lobing frequency versus path diatance.

7. REPLECTION POTMT** Distance to rzflection point versus path distance.

8. PLEVATION ANGLL** Direct ray elsvatlon angle versus path distance.

9. ELEVATION ANGLE DJFFERENCE** Angle by which the diract ray exceedms the reflected ray varsus path distance.

10. SPICTHAL PLOTS* Amplitude versus f-equency response curves at varioua path distances.

11. POMER AVAILABLE Power available at receiving antenna versus path distance or central angle
for time avallabilitiea of 5, 50 and 954, and fixed antenna haights.

12. POMER DENSITY Similar to above, hut with power denaity nxdinate.

13. TRANSHMISSION LOSS Sim.lar to abuve, but with transmigsion losa ordinate.

i4. TOWEH AVAILABLE CURVES Power avajlable curvas versus diatance are provided for several aircraft al-
titudes for a seloctod tine avallability, and & fixed lower antenna neight.

15. FUWER DENSITY CURVES Sim’lar to atove, but with power denmity ag ordinxce.

16. TRANSHISGION LOSS CHEVES Similar to akove, but with ¢rangmission loss Be oxdinate.

17. POWER AVAIUABLE VOLUME rixed puwer available concours in the altitude versua Aistarce plane for time
availebilitiea of 5, 50, and 953,

18. POWER DENSITY VOLUME Similar to abave, but with rixed power dersity contours.

19. TRAPSMISSION LOSS VOLUME Similar to akova, but with fixed transmigeion loss contours.

20,  EIKP CONOOURS Contours for several ElxP levuis neaded to meet a particular power density
requirement are shown in tha aititode veraus distance plane for a single
tims availability.

21, POWEK AVALIABLE CQuuiles Similar to above, but with powsr available contours for 8 singie LIRP.

22, POWER DENSITY CONTOURS &imilar to above, but with power uenaity contours.

23. TRAHSMISSION L0558 CUGHTOURS Sinjirar rto above. but with trausmission, 1088 contours.

24. BIGHAL RATIO-B Peprrad-to~underired, DU, signal vatico versus station soparation for a fixed
desired tacility-to-atrcraft dicrtancs, an® time availaniiities of 5, 50, and
93w,

25, EBIGNAL FATIO-DD Sim{lar to above, but the abscissa is decired facility-to-ajrcraft distance
and the wtation cdnaratica is fixed,

26. ORIEPTALION Undeurzed facility anisnna orientation with respect tga the degired-to-
undesived atation lire versus required facility ssparation curvaa are plotted
for s&.-wal desired facility anteuns crientations.

27. BERVICZ VOLUME ¥ixel D/1) contours are shown in tho al:itude versun distatice piane for a fixed
etavton neaparstion ouci tive availsbilitier of §, 50, and 958,

26,  BIGHNAL JATIO CONTOURS Cravours tor sevoral D/U valuen are shown in the a)tivyde voreus ~Liiince

f-lane for & fixed station separation, and tims availarility.

“aaditional Glecusalon, Ly capability, will bUs providud in an "Applications Guide", wrich should be p.blishad
in 1978 (Iohngon end Lrerhart, 1978).

k2Applicenie ouly to the lire-cf-glght reglon for spharloal esarth geumatry. varfahility with time and horimon

effacts are naglacted.

Figure 2.

Flotting capability guide for IF-77 programs.
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PARRAMETERS FOR ITS PROPAGATION MODEL IF-77
77/Q07/13. 22,15.49 RUN

TRANSMISSION LOSS
SPECIFICATION REQUIRED
AIRCRAFT (OR HIGHER) ANTENNA ALTITUDE:  4500C. FT' (13716.M) ABOVE MSL

FACILITY (OR LOWER) ANTENNA HEIGHT: 50.C FT (15.2M) ABOVE FSS
FREQUENCY: 125. MHZ

SPECITI'ICATION OPTIONAL

AIRCRAFT ANTENNA TYPE: ISOTROPIC
POLARIZATION: HORIZONTAL
EFFECTIVE REFLECTION SURFACE ELEVATION ABOVE MSL: 0. FT (0.M)
EQUIVALENT ISOTRCPICALLY RADIATED POWER: 14.0 DuW
FACILITY ANTENNA TYPE: ISOTROPIC
POLARIZATION: HBORIZONTAL
HORIZON OBSTACLE D1STANCE: 8.69 N MI (16.09KM) FROM FACILITY*

ELEVATION ANGLE: -0/ 6/30 DEG/MIN/SEC ABOVE HORIZONTAL*
HEIXGHT: 0. FT {(0.M) ABOVE MSL
REFRACTIVITY:

EFFECTIVE EARTH RADIUS: 4586. N MI (8493.KM)*
MINIMUM MONTHLY MEAN: 301. N-UNITS AT SEA LEVEL

SURFACE REFLECTION LOBING: CONTRIBUTES TO VARIABILITY

SURFACE TYPE: AVERAGE GPOUND

TERRAIN ELEVATION AT SITE: 0. FT (0.M) ABCVE MSL

TERRAIN PARAMETER: Q. FT (0.M)

TIME AVAILADILITY: FOR INSTANTANEQUS LEVELS EXCEEDED

* COMPUTED VALUE

Notes: 1) Parameter values (or options) not indicated are taken as the as~

sumed values (or options) provided on the general parameter speci-
fication sheet (fig. 1).

2} To simulate computer output, only upper case letters are used.
Dual units are not provided on actual computer output.

Figure 3, Parameter shect for capability 13.

Aot g (N




L 1]

e

120

130

140

Transmission loss in ¢B

152

180

17

TRANSMISSION LOSS
Ml 1%. » (50.0ft)msl
H2 13716, » (45000.ft)m
Frequency 125. Mg

Distance in n mi
20 60 80 100 120 14C 160 180 200 220 240

Smooth earth
sl Polarization Horizontal
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Figure 4. Plot for capability 1, LOBING.
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Figure 5. Plot for capability 13, TRANSHMISSION LOSS.
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Figure 6. Sketch illustrating interference configuration.
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Figqure 8. Plot for capability 26, ORIENTATION.
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For alrcraft ot point C
viters dD - uc

Deslred facllity courss )ine

All angies ara pusitive clockwise.
Angles to course lines, .D,U‘ are meanured Trom faclllty connecting lins.
Angles to protaction polints, “A.B,C.G,E , are measured from the deslred syecion course line,
Point € Is &lonp the course 1inc 8o that ac » 0, but this |s not a regulred condition.
Facllity separatlorn, s,. s In gunural Yesy than station saparation, S, whan S s calculatad
from § = dn + du whare de.u are facility to aircraft distances. This is §ilustrated
for protection pelint C.

Figure 9. Sketch illustrating protection point geometry.
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ELEVATION IN METERS

BASIC TRANSMISSION LOSS
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DISCUSSION

H.Vissinga, Netherlands
Is distortion by muliipath propagation included in the IF-77 model, and if not, are there plans to include it?

Author’s Reply
Distortion, as such, is not predicted, and such model extensions are not currently planned. However, the time lag
(Figure 2, #4) and spectral plot (Figure 2, # 10) capabilitics may be usetul in distortion estimation for multipath
due to a specular reflection from the carth.

J.Rottger, FRG
What is the reason why you have not included specifically the role of quasi-specular reflection at thin stratificd
layers in your model?

Author’s Reply
‘hile the model does ot treat these reflections in a deterministic manner, their effects are accounted for in the
long-term variability portion of our model (Sec. 2.3).
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THE_CRC VHF/UHF PROPAGATION PREDICTION PROCRAM:
DESCRIPTION AND COMPARISON WITH FPIELD--MEASURPMENTS

F.H. Palmer
Communications Research Centra
Department of Communications
Ottgwa, Canada

SUMMARY

A computer-based propagation prediction program has been developed which provides an accurate,
easy-to-usc means of predicting coverage sreas for VHF and UHF syatems, for the planning of radio links,
both terrestrial and air/ground, and for use in electromagnetic compatihility analysis problems. A
topographic dats-base enables detailed path-loss or field-strength calculations to be carried out in the
Cttawa area by users who need only specify the transmitter and recelver parameters and define the area in
which results are required. This data-bage car be extended to other areas of Canada.

Comparisons of predicticna with meaaured values of path-lose show that the detriled method of
prediction is significantly better than statistical teclmiques and 18 the only method capable of identifying
low slgnal areas in the shadows of terruin cobstructions,

1. INTRODUCT 10N

While the Communications Research Centze (CRC) has had extensive experience in the behaviour of
radic waves throughout most of the radio spectrum, very few propagation studies have been carried out at
VHF and UHF in recent years, In view of this, a VHF/UHF Propajsation Group was estaliirhed in 1974, The
purpose of this proup wae tc study the following Aress of interest, to tientify the outatanding problems,
and to provide solutione where possible.

1.1 Computer Techniques

1n areas for which VHF/UHY propagation predicticn techniques arr relatively well descloped, the
efficient use of the teciniques 18 often coupromised by the time required to perform adequate caliniations.
The implementation of complex and numerous path~loss or fileld atrength calsulsiions by meana of computer-
based techniques ¢ffers the possibility of significantly improving predictica accuracies over those
currently available for routine operstions.

1.2 Urban Environments

The planning ana management of the VEF/UHF parts of the radio spectrum require the ability to
accurately predict tle field sirength expuctsl at 2ny location due to both exfec.ing and propeasd trans-
mittere. The increasning demand for freguency assignuwent in These caudw if crept ing acute prorolewms in urban
and near-urhan areas wnere current prediction techniques ave least reiianle,

1.2 'Remote’ Environments

It 1a anticipated that chere will he an increasing uiilizavion of VHF/ULF comiumication cystems ir A
remote arcss of Cansda, Such systems wl}l operste in cliaates and terrains the «ffects of which have been 1
relatively 11zile studicd to date. Atthough propagstiorn sfullesd have been porformed by other countries '
for thelr ow: use, the environments] conditions in Canada are unique and it 1e not clear whether existiug
techniques can be applicl without modification.

Fleld tirials hove been vaed Ly CRC to deteralpe the accurgcies with which curveatly rvailable ; o
technijues woiel the propagatic haracteristics of typlcal Canedlan environments. Paths up te 100 ¥a fn
length have besn Atud.ed and improvenents carried out where poseible. The results of thesc Jtudies ui’e '
bee: incerporated into » couputer-bawad ; ropagatfon prodictien program viich includes & “opopraphic data- .
be.e velevant to the Ouiaws Avea.

Th's paper is in three miin partm. Yhe first prasents a brief swmary of the oirganization of the
rrepagavion prediciion program. The sxecond diacuwses the conversatfonal subroutin: and the propegation
an2 topegraphic wedels that ara included in the pretSotion progran and the third payl proesente coupsrieons
Letveen predizted rnd measured path-losses.

2. A SIMRY OF THE YREDICTION TRUGRAM

Eesed on an erxuassive review of er’sting propagatioa mrdelling tachniques, a computer prxdiction
procrar wae constructed shich Incorpnrates a numher of cxisting techoiyves. In nédition, a numiw of new
foeaxturea were lntroducsd walch faclvice che foll-wing:

st B atm e

(2) A 'copver;uationel' subroutise 'PHEDICT', vhich acts &8 wn
inteyfi e berween the 1 aid the main computstionsl e ssutiues.
This routine 1li iacendsd to make the prediztion progpvem :
raintively soRy to use by persons lacking a wide knowledgs of !
coaputer ard jredictiou techniquea. 1 !

rras'
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(b) A topographic data-tase encompasing 13,440 aquare cilometers
of Eaetern Ontario, centred on Ottawa.

(c) A fully automatic 'detailed' uode of calculating path-loss
or signal-strength which uses path-protiles provided either
by the user or extracted automatically for paths fu the
Ottawa area from the topographic data-lLase stored in the
computer.

(d) An envirotmental ‘clutter' correctiou factor that may te
calculated, 1f the user wishea, to account {or the effects
of the local antenna environments,

The program itself breaks naturelly into three main segments (see Figure 1)

- The conversational routine 'PREDICT'

~ The main computational routine 'RUN'

- The topographic data-base 'TOPG'

3. THE PREDICTION PROGRAM
3.1 The 'Conversational' Routine 'PREDICT'

The purpose of "PREDICT' is to construct a data file "INPUT' based or user reeponses to questions
provided by the computer, and to eet a serles of flags that identify the specific types of calculation to
be carried cuz. 'RUN' then uses this Input file to perform the appropriate calculatioms.

The type of calculation desired by the user 1s determined by his responses to questions such as
(a; Are path-loss or signal-strength calculations required?

(t) Do you rejuire

1} Toint-to-pnint
11) Radial covergge, oOr
i11) Complet< érea coverage calcuist’ons?

The user is subsequently nckad only those ques’ fons concerning egulpment and terrain parameters
that are velevant to the partisnlar type of calculation required. Por example, 1f the umer elects to
ceiipute path-lues rather thar cignal-strersch, questions conceruirng transmitter ouiput power, line-losses,
etc,, do not appedar, In tols way, the umér 18 nG: faced with the compleie et ¢’ all poseible questions
that mignt be asked, 12garcless ci their 1elevance.

If the rropagation parta deflined by the us:r is contaloed within tho topographic data-base 'TOPO'
all terrsin parameters will be deduced sutematically by "RUM® as required, Y& the .o¢aputer determines
that the pain ia not co-talned within the data-base, the uBer may then be asked:

(&) Can you supply your rwa terrain profile?, o

(b} Is the propagati.n path entirely coutained in on urben
cora area?, of

(c) Choora % tervain type from the fallowing list:

1) Don't khnow
1) Swaotu pleine
111) Rolliug plains

viii)} Cxiremely vugged mountains

The rempouses to theas questicns d=termine the spacfflc subrouzine fv 'RLN- that wili be uvsed to
calrylate path-loas or {icid-stuength. 17 cthe propssation patl is conta’ned within the sata-base, or i7

a terrain profile can be tuzeted by the user, carculations will ts don. using a 'detcilot’ path-ives radel.

<
N

the path lies ertirely within aa urbai coce area, calculatiucr will he carciad out uvefng ¢ ataclatical

wxlel relavant to tihose areac If the uSir chouses a terzatn typ:: from the LiR” gived ohove, < wigtisticel

‘irregular terra’n' sodel will b3 uead for calculatione except foi the cese of the 'Jon't know' responae.
In ttis case, calculetiloneg tre carvicd out using a sacsth-sgorth propazuiion wodsi,

At c<his point, i..¢ user ray be requeried [0 provide adii {ondl parsmerers such a2 aaliney heaZhtu,
ranasmiiver power, anteana li:w-losses, and antenna pclarvisavicns and radiatio) petturn.

The wecr muy alse supyly hie ovi valuas of aveisps ground conductiviiy and permditivity and
g face value of atmonihevic refrivtivity 1f he su vwishes, Finalily. b s s2sked 1f he knows anyciniig of
ke transmitier and re.airer antacvia environmunte. If he doas. he ja avked co specify ihe tvpe, heignt.
dictance, and ocher pe: wuerers relating to locel obstaclii tluny the transmittsr-ruceizer Mne~uvi-sight.
FRUN' lstar umeS thads parane Zerd o <aleulade velues of teauswis:lon loee througl the sbstaclan of or
diffrarcion lose over or aveuend the cuszs.las,

At this poipt tim user may raviow and ediit the fuput dets file if he ro wisher, z2ud tiew submit tha

inpue file INPUY' to "MUN' elrher fn resd-.irwe or éa a besch fo:.
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3.2 Tne Topographic Data-Base 'TOPQ'

The topographic data-base comprises the city of Ottawa and surrounding suburban and rural areas.
A rectangular area 112 by 120 kilometres (13,440 sq. km.) has boen scaled with a resolution of 1.0 km.

Each of the 13,440 grid points in 'TOPO' consists of the coordinates of the grid point, the maximum,
minimum, and average elevatlons occurring in 8 1 km square cell centred on the grid point, and a code
representing the average type of terrain cover in the 1 km square cell.

It ie anticlpated that knowledge ot the maximum and ninimum terrain heights will later enable more
refined computer estimates of path-loss location variability to be made. The terrain cover codes are used
to provide estimates of ground conductivity and permittivity aud of average terrain cover heights. These
heights are edded to the topographic elevations to define the 'effective’ helfghts along the profile.

An example of a computer-derived path-profile, together with the actual profile as measured
directly from topographis maye, is shown in Figure 2.

3.3 The Computaticnal Routine 'RUN?

Based on a review of existing propagation prediction techniques, a number of models were selected
for inclusion in 'RUN’. It was anticipated that these techniques would be mocdified and extended after
comparisons of the initial predictionr of the program with observed values of path-loss over known paths.
To this ond, measurement programs have been carried out in the Ottawa area and at Inuvik and R:solute Bay,
N.W.T.

It is evident that the particular typz of path-loss calculaition used in any given situation depends
upon a number of factors which include the location of the propagation path (urban core area or open
terrain) and the amount of informatlon avsllable to the user concerning the nature of the terrain,

(terrain profile or a statistical description of path parameters).

To make the computer program relevant to all typeas of propagation paths, and levels of user
knowlec 1e concerning these paths, it was decided to incorporate into it a number of different propagation
models. The choice of the model or models to be used in any given situation #s made automatically by the
computer, depending upon user responses to questions set by "PREDICT',

The propagation models included in the prediction program are:

(a) Smooth-earth model
(b) Urban-area model
(c) Irregular-terrain model
(d) A detriled model which uses path-profiles either
supplied by the user or generated autowuatically from 'TOPO'
(e) Antemna environuent 'clutter' mode].

3.3.1 The Smooth-~Earth Model

This wodel is used in cases where smooth-narth path-losses are desired as references or where user
knowledge of the propagation path characteristics is minimal. The model used fn the present program is a
nodificd version of tnat described by Sazhs/Freeman Associates, Inc. (1970). It 1s a simplified vernion of
the van der fcl anu Bremmer (1337) and Nortom (1941) smroth-earth techniques which were used for the
calculation ot the CCIR (1955) Atles curves. In addition, a tropo-scatter te-m is added for beyond-the--
horizon calculatione, following Frazier and Andevson (1963).

3.3.2 The Urban-Area Model

Two slightly different urban ares models are lncorporated ftato "RUN'. The first 1s used when a
propagation path lies wholly within an urban arec. The second 18 used in conjunction wiih the 'detailed®
model when either the tramsuitter or receiver end o. the path is located in an urban area. This second
vergion will he discussed later as part of the 'detaile.' model.

The topography ¢f urban areas has a profound effect or observed path-losses, but 18 too coumplex to
model in any detailed way. Only statistical techniques are currently availahle, The 1ost commonly used
model is due to Egli (1957), although & number of other models exist (Murphy, 1971; McMahon, 1974). These
models are usually of the form

L= 8, + ozlog f + aalog qd + aulog ht + aslog hr dB

vhere f 1s frequency in Miz, d is distence in i, and hy and ht are tyansaitting and receiving antenna
heights in metres. The a; are chosen to minimize the rms error between predicted vilues of path-loss and
those measured over actual propagation paths, Different investigators use different vets of data, collected
in different sveas, with the rasult that a variety of different values are found for the aj. The
co:fficients currently used are those dus to Bgli (1957):

a, ¥ 85.9; 2, = 20.0; a3 = 40.0; a8, = -20.0; 85 = ~20.0 for h > 10 m

a, = 76.3; a, = 20.0; &, = 40.0; a, = -20.0; a5 = -10.0 for h<10m

It is anticipated that theses cosfficiente will be modified as experimental dats becomys availab!s
fur Cenadian urban areas,

-

-
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3.3,3 The lrregulac-Terraii. Mudel

e

This model was developel by A.G. longley and P.L. Rice and §s dascribed in detall Jn ESSA
Tachnical Report ERL 79-ITC 67 {1968). It 43 applicable to propagation over irregular ter=afu iu suburban
and rural arezs. Calculations of path--loss arc based on unalytic techniques, However, the values of
paramaters such as horizon distance, obstacla height, etc., that arc ured ir. these calculations are »
statigiical medlans based on a terrain irregularity height, Ah, which {8 chosen to be typical of the propa-
gation path. Thus, "slightly rolling plaias' sorzspond to Ah = 30 m and “hills" correspond to Ah = 115 m,
ete, »

It {5 clear that a model such as this i3 suited to propagation loss calculations for pathe cver
‘statistically uniform' types of tcrrain where there are no isolated large obstacies. If such isolated
obatacles extist along the propagation path, this model mav seriously undereitimate che path loas in the
'shadows' of such obstacles.

It should alsc be noted that the predicted values of path-loss are medians and are inten.led to .
represent the average path-lose that would be measured over some area in the vicinity of the recelver, &
If ihe tervaln is hilly or mountainous, large variutione ,ay be measured about the predictcd meiians as
the receiving aatenna 1s moved up or down the slopes of the hills or mountains.

This model is not restricied to relatively short pathes, as wis the urban model, because of the
inclusion cf a tropo-scatter term,

3.3.4 The 'Detailed' Model 4

When sufficient kncwledge of path characteristica exlste, the 'detailled' model, which takes into
account the det~iled natwre of the path topography, is used to calculate path-loss. Basically, this
involves computing diffraction iccses due to obstacles which may ex:sy along the path, reflection lceses
from flac surfaces, apdi tropo-scatier iosses. The model thus acccunts for shaduw losies behind terrain
irregularities of ess~ntially auy typ~. For cover-the-horizon paths, tropu-scatter levele are calculated
aad the appropriate values of either diifraction or scatter loss are used to define the total path-losc.
1his mwodzl can alsc account for the effccts of limiced types of environmental 'clutter' in the vicinity of
the transmittiug or recelving antennas. At presenr, local effects due to trees and buildings may be
Include?. This clutter routine 12 also used in the smooth-earth and ivregular terrain mouels.

b

i) Derivation of Yath~Profiles

The merver im wh'ch path-profiles are deduced from a tvpographic data-base depewds upon the size of
the data-base as well ar its orgenization. In the present case, profiles are interpolated from the datz-tawe
grid with the uge of nlane rather than grherical genmetrv, Thics revulte ir o saving in time ard
complexiity ana, for profiles derived from a dsta-base of the preseut size, aoes not result in signiilcunt
errors in rath position with respect to the date-~base renolution. Tor longer paths, the projection cf the
propagat ion path and data-vase grid vnto the earth’'s eurface must Le done using the appropriate geoue*ry.

To the average terrain height hy ac each distunce d; along a profile is added = 'ground—cover
correction height' derived from the terrain cover cod: at ihat pofnt. This currection i8 designed to take
into accome the height of buildings aond trees under the propagation path. In the present model these
height ccrrections are:

Woods/Forest 10 netres
Suburban buildings 10 metres T
Urban core 30 metres
Other e - “

Finally, the corcacted terrain elevations (above aea--level) are modi:fied to take into acrount the .
effective radius « [ the earth's surface., This effective radiuys 1s computed using the value given by the .
urer for the surface atmospheric refractivity N, ur by using a default value of 300 N-units. With the use : .
of this effective radinrs, radio vaves may be considered to travel in straight lines ard simplc plane
trigcnometry can be used ro determine the actual path ¢f a radic wave with respect to the earth's surfuce,

11) Propagation Paths Coupletely Cutsidc Urban Areas |

If the propagation path is lntcrpolated from the topographic data-base, each of the terrain cover
coder is checked to see 1f either end of the propagation path lies in an urban avea. Cades in which these
codes ave tound involve certain additional calcuiatione. These will be discussz] in ~ection (151).

In al) cases, a subroutine 15 called to determine the lucation and other parameters of whatever . '
obstaclus exist along the given profile. Obstocles are Jetermined by the "stretched string" techalque in :
tvhich s string may be iragined to be tightly stretched ovat the terrain between transmitter und receiver,

Then & subroutine determines if large obatacles sre to be congide ¢d as single or multiple, e.g. i8 a laige C
hill cut by ravines e single or multipie obetacle? Fimelly, individuul path-loss calculations are cacried ;o
out cuce the appropriate chstacles and their parameteras have been deternined.

The first aubroutine uses simple geomatrical techniques to determine whether the propagation path

1% line-of -sight with adequate Fresnel-rone clearance (N_ > 0.6), line-of-signt with restricted Fresnel-~zone

clearunca, cr obstructed, In the firat case, diffrauction losser are assumad to be zero. I{ the propagation

path is obstructed, of has a restrictea Freanel-zone cleurance, the parameters dy, d,, H, aud ¢ are

determined for eech obstacle. The radius ~f the obstacle creat is deterained by a tzree polnt parmbclic .

fit. Tho defiuition: of each of cthepe paramstere, for a path containing tvo obatacles, are given on :

Pigurc 3, These parameters are then iused tc define the first ¥resnel-zone radius, H

R = (Ady dy / (dy + dr)ﬁ& and the curvature factors of the obstacle, a » A3 rlf/R where A is the wavelength, !
!

IIIIIIIIIIIIIIIIIIIlIIlIIIIIIIIIIIIIIIIlIIIIlIIIlIIIIlIIIIIIIIIIIIIIlIIIIIIIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIJIIIIIIIIIILI
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The main obstacle, at lonation 1 1n the example, is defined to be the abstacle bhaving the largest value
af H/R. The eftective helght of the secondary obstacle 1s its height above the linenof—aight between the

crest of the main obstacle and the transmitting or receiving antennas (receiving antenna in the exauwple).
P Is defined to be negative for obstacles below the line-o0f-gight and positive otherwiae. The method of
obstacle parameter detevmination can be extended to paths containing any nuwber of obstacles, and is due
to Deygout (1966). ‘

g —

The diffraction lo~s over cach obstacle 18 computed as a functicn of the parameters H/R and a. .
Nomograms giving diffraction 1lnss as a8 fuanction of Lhese parameters have becen presented by Doughurty and
Aaloney (1964) and by d7Assis (1971). These nomcgrame have been extended and approximated by polynomial <
expresslons suitable for machine calculation. The total diffraction loss is the sum of ihe dirfraction
losses due to each obstacle.

Reflection 'losses' between obstacles or between transmitter and recelver over uvnobstructed paths
arc determined next. The vagnitude and phase of the 1cflected ray is calculated for any segment of
terrain that ic smooth, horizontal, and satisiies the geometrical requirements for interference between
the direct and reflecrted rays. Reflection coefficients are deterwined using the available values of sgurface '
conduativity and permittivity. The total reflectlon 'loss' is the sum of the 'losses' due to sach
reflecting surface. 1t is possible, of coursc, for a net gain to be realized if the direct znd reflecred
waves ¢orpine in phase. 1

The path-loss Ly 19 defined to be the sun of the individual diffraction loases, reflection losses,
and frec-space loss. For each obstructed path, a tropo-scairer loss term Lg is calculated using a 1
technique similar to that described by CCIRE (1966), The smaller of Ly and Ly is taken to represent th:
actuil path-loss expected over the propsagation path,

1i1) One End of Propagation Path 1u an Urban Area

In a1l cases the computer chncke the terrailn cover codes for each point at which a path-logs or
field-streungth calculation is requir.ld. If such & point 1s found to lie in an urban area, two separate
path-loss calculiations are carrled cut. The firet is the Jetalled calculation as previously described,
and thi. sccond is a statistical loss calculztion related to that used in the urban area model. The i
statisticzl loss model used here ig not identical to that used in the urban model since, in this case, only
one end of the propagarion path lies in the urban area, Curvently, expreesicns equal to
L= 1L,p 1 ~ 1000/f(MHZ) dB are used. 'hese expressions were empirically determined to best fft the
Ottawa arca measuremencs, where one end of the propagation path lay in the urban core area. The final
value of path-loss 18 the maximum of the statistical ard detailed calculation values of path-~loss, ﬂ

iv) The Environmental 'Cluttec' Raoutine

This reutine accounts for the presence of buildirgs or trees in proximity to the transmitting or 7
recelvin, antenris.

Numerous measurements of excess path-loss in or near bullt—uyr or treed areas have been carried out.
Few models have seen developed from the data whick ensble predictions to Le made in the general case. The
routine incorporated Into the present program is a composite and summarizes existing data and models thus
far available. (Rice, 1971; Head, 1960; LaGrone et al., 1953; Saxton and lLane, 1955; Okumura et al,, 1968;
etc.), -

Trees

Path-losses due to trees way be nonsideved in the following three cntﬁgorics:

A

(a) Entering a wooded area from tne transuitter (recziver) side in the case of clutter around the i {
receiver (rransmitter) anteana. The path-loss increases at the vate of: .
/ .

L, = 1637 + [ﬂ—P (-90/f) lop (1 * £/100) dB/metre , :
v 2.%9 :

L, = 18370 + [exg {;21o/f)52qg (L + flzoo)] 4B /moire ; 4

2. : A

)

where v and | stand foxr vertical snd horizontal polarizaticn respectively, f is ia Milz, and v depends upon . .

tree type (iice, 1971),

(b)Y Inside a vooded area. After the initial iIncrease in atteanuation described above, tne path-loas
te.stive tc free-space in a wooded area reaches a wore or lese constant value, independent of dlstance.
30 dR 18 a typical value for this limiving atteruation for thz UHF band (Head, 1960). In the prescnt
program the loes is taken to Inrrease linearly with trece height above the antenna to ¥ wacimum of 30 dB :

vhen the tree cover ext.nds 30 metres »r more above the aatenna,

1
13

(c) Antenna beh:ind 4 wooded area., At distances grester than five times thc mesn tree height above the { p !

antenna, the trec-tops are taken as definisy 8 Lnife-edge, and the resulisnt gacrh-lusgs is that eapected as 1

a result of diffraction over this edgu. For distances bechiud the tracs of less than five times the mean

three height above the aatenns, the knifc -edge loss 18 smootily Joined to the constant va.ue found within

the wooded area,

Buildinge |

Threc separate Joss factocrs are calculated ard the miniman value 1a taken ag the rrvdicted
. addition:l lose, 7Tke lcea through the structuve of tha Luiltings 1z given ewpiricaily by L, = M-d/15 (dB) |
I
]

where d is the extent of the building(s) along the line-ol-night, and M iz a lowse factor dopendent upon
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the construction type, (M = 15 4b for wooed, 30 éB rfor concrzte, and 45 dB for steecl). Niffracti-n louses
over the bullding(s) are accounted for by I, @ knlis-edge d’fivactien logs. A, cmpirlcul rgximum palh--loes
of L3 = 20 log f 18 assumed.

In the cage of both bulldinge and -rees, ¢ factor {l-exp(--£1/d)) 18 Sntroduced t account fur the
finite extent of the obstructions pcrpendicular (ecross) the line-cf-sigh*, AL 18 the “nimm extent cf
the obstruction across the line-of~sight and d is the distsnce batwee~ the antcuna api . :logest part of
the obhstruction,

4, COMPARTSCN OF PREDICTED AND MEASURLD PATH-LOSS

There are numerous sets of measured path-losa data available with which the results of :tLe prop.ga-
tion prediction program cculd be compared, Many of these, however, fail tn deacrile the relevant terras:.
pevemeters in sufficlent detail tc be of real use in the prasent work, Examples ¢of parameters which are
seldom reported include the type of ground surface, cor terrain cover, radii of cuvrature of obatacle crests,
and the nature of the 'clutter' in the vicinity of the transmi-ter and recelver antennrs,

4,1 gtrawa-Area Measurcmenis

An Oitawva-area measurement progras was infciated in Januery 1975. This j rogram used two existing
television transmitters as source3 (CKGN at 78 Mz, and CFVO at 572 Miz). Measuremen.e of received
signal-strength were made along a number of radials from each transmitter at distances up tc about 45 kr,
At each measurement 'site' five to ten separate measurements of field-strength, at locations senarated by
50-100 netres, were made in order to obtain a measure of the spatial variability of signal-strength at each
site. The radlation patterns and output powers of the transmitters were known, enabling path-loass to be
determined froam the correeponding fleld-strength measurements. More than one thousand Individual
path~lous measurements were made between April 1975 and April 1976.

4,2 'Remote’ Area Measurenents

Between August 1976 and May 1977, a series of propagation mecasurements were made at Tnuvik and
Resolute Bay, K.V.T. Pstti-lo8ses were measured In both summer and winter at tte two sltes, Both
horizontally and vertically polarized signals at 150 and 450 M4lz were used, together with transmitting
antenna heights of 7.2 and 16.5 mctres and recelving antenna helghts of 1.5 and 3.0 watres. Over two
thousand individual mensurements of path-lous were made, for all combipations of gysten perameters, in the
10 month period,

Examples of measured path-logses along radisls from the 8§ MHz (CKFR) and 572 Mtz (CFVO) trensnitters,
together with the values of path-loss predicted by the 'detailed' and 'Jrregular terrain' wmodels incor-
porated inte 'RUN' are shown in Flgures 4a and 5a. The c¢orresponding path-profiles are showrn ia Figutes 4b

and 50,

Examples of path-loss weasured ar 150 MHz along radials at beth Inuvik and Resolute Bay, agsin with
values of path-loss predicted by both the 'detailed” and irregular terra'n models, are shown in Figures 6a
and 7a. The corresyonding path-prcefiles are shown in Flgures 6b and 7b.

The '"firegular terrain’' calculetions were cacrled our using the foilowing values of AH:

i. Ottawa, 88 Miz (Pig. &a): 55 m
Li. Ottawa, 572 Miz (Fig. 5a}: 15w
111, Inuvik, NWI (Fig. 6a): 4y m
iv. Regolute Bay, NWT (Fig. 7a): 3m

The CKGN and CFVQ path-profiles shown in Figures 4b and 5b were derived suromarically from the topographic
data~base. The profiles shown in Figures 6b and 7b were derived manually from topographic tmps. The
for ¢ ib
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4,3 ‘lrregulac Texrrain' Model Predictiocas

It is clear that the values ¢f path-loss predicted by thls wmodel are good approximations to the !

median values of loes which are measured over lengtha of the propagetion path which are large compared te
the dimensicons of typlcal terrain obstructions. However, in the vicinity cof these obstructions, the path-~
loss wuy be seriously under or over—estimgted depanding upon whiether the receiving site iv &t the foot ur
crest of the obatruction,

4ok 'Detailed' Model Predictions ]

The CKGN and CFVO radials shown in ¥igures 4b and 5o cress 'uvbau' areas at varigus pcints along
cheir leugth. At these points, peth-losmes are avtumaticelly takev to be the larger of those calculated
using the terrain loss subroutincs and those calculated usivg o stagisticsl 'urben' subroutine, The
resulting increases in predicted path-ioss, relative to the lcsses in neighbouring 'mcu-urbsn' areas, ven
be seesn at a distance of sbout 35 km in Figure 4a and at dietsnces of pbout 12, 16, and 22 km in Figure 3a.
The predicted lorses are guod approxlmations to the measurcd (=edian) lostes in these araea,

All path-loss curves illustrated show tho highly vorisile {epatlal} ndture of ;ath-loss In lxregular
terrain. The effects of 'fsolated' obstacles are wout clcarly gxea n Figur. 78. The reculving site in
the 'shadow’ £ the obstacle at a dictance of % ka kia ap asss iated path-loss approximaiely GO dB above
that predicted by tha frrezu’ar terraln wodel, It is well &pp. onfwxoted hy the predicricuz of wvie detalled
model. The osclllatice in path-loss &t dimtances of aboud 17 and 30 ke along tila iadlal are due to
reflecclons from the smocth tarrain found along thio path.
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5. CONGLUST RS

1re provsgatlion prediciion program initially constructed during 1975/1976 his Snen modified ae
neccesar; end validated as far as possible for propagaticn (d < 100 km) over Lhe tyres of terrain found {p
bLoth sorthern and northern areas of Canada, The following are two majr~ areas in wilch the prese.ni progres
ahould te checked agati..t experiment and extended where requirad.

5.1 Urbs '« Core Ay-=as

A nuwber of sturisfical rodels exist which are intended to predice prih-losze~ for propagetion
paths {n urben arear. A comparfson of & number of these mndels indicates clat theiv valldity depends upon
how clusely the uroar sres in question resembles the city or citles in which the propagation data uwsed to
con-tiuct the uod:l wis collected. Observed path-losses are dependenc upy bullding welghts and cdensity;
factare which are ignored in most of the present modela. It (s hoped that, starting in 1578, the cxlecing
modals can be improved Ly tAking such facrors explicitly inte account. In addition, rultipath etfocis in
thes: areas can have a prcfound effect upon digital trausmission systen. vad 1t is hopea tha'. & siart can
be zade toward model iing these phenomena,

5,2 "Long' Patns

Although tropo-scatter terms ate included in the presunt prediction modela, thelr accuracy fiGs aot
yer. been viiified by the experimental programs carried ovt to date. Large ccrozg are aovu anticipated {or
paths In xcay areas of southern Canade since the original 1loss expreisicns ace bawed on larye amcuats of
deta collected in areas of the U.f, and Europe. Ir i8 not clear, however, thac ihe exi~ting models can he
used witihcut modification in the Arctic or Great Vakes arcas where climgtic factois can differ greatly from
those found elsewhere.

“o reallstically model cropasphevcic effects, thy results of lougeterm measurgment prograns arva
raquired, One such program was initisted in the summer 1277 as pevt of £ joint project between the
Canadlan Departwent of Communications and the Federal Communicatizns Commissforn of the United Stazes,
Signals from 16 Canadian end U.S. VHF/UHF television stations are being ronltosed fron a recedving site at
the Urniversity of Western Ontatlo at Londen, Ontarilo. tath-lengths range from 133 to 225 k. Eight
stations, having a similar range of path-lengths, are belvy monitored at CRC. Path-losn gtatingics are
currently being derived from the data, Ac the completion of the proje:t theee statistics will be used to
modify or extend the troposcatrer loss model that 1s preaently incorporated into 'RUN'.
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Fig. 1 Organization of the prediction program.
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Fig. 2 EZxample of an actusl profile and 1ts reconstruction from the topographic data-base. The vertical
bars with dots show the maximum, miniwmum, and average terrain heights culculated from the
corregponding data in the 1 km squire celle of the date-basse.
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DISCUSSION

H.Vissinga, Nethesiznus
The duts in the graphs you showed represent med:an values of suveral measureinents. Car you *ell re how thesy
measurentents were taken and what the spread i+ these measuremeits is?

Authoy’s Pepl/
We Lave made neasuremients ol the location-vinianiiity of VES/UHT signals a0¢ {ind tnat in vrhan areas tae stan-
dacd devaation of a serizs of mezsumanents, m=le over a distance of 10 -100 netors, 1a ges up w about 10 dB. 11
Aigctic areas, where theie is tittle crno ground cever, the s andard deviaticioof a sini'or set of wmcasurem=nts car ke
very small, periaps a dit or se.

W arc accumulating loation variability dave but we have not yet wreorpo:zted ainodel into our prograin.

E Lawpert, RG
tn s;'siems with low anterna haight especially, caleulated path iosses wiing ondinary two-ditder swonal path profiles
often daviate considerably f-m measured values. Havi you, thes:fore, tned o inchide the th.-J dimer.son in yo.r
calewition, or are you avware of such aviempts?

Author's Reply
We rcalice that in certain areas, off-path reflections can significantiy ~ffect ceceived sixnal-levels. We do nu:
presently 1cluide such o ¥ cts, but thic does not scem to have sigmificaptly «ffected p-zdiction accuracy [ve the patns
we have madelled thus far.

There is 2 paper dealing with the medelling of off-path reflectiv 15 in a recen. issue of vne of the 1LFE Transacuons
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A STC.HATLIC DYNAMIC MODEL CI_DPAid 71 TENUATION

T. Mascey and PL.M. Bakkea
SEAPE Tertnical Coentre
The iague, Netheolards

&' MMAR™

A dynanic matheraticnl mudel of ralp attenuation d2s keen devalopoed at STY an. 1o presenten 3n this papary,
This motel peimiis the express!on of enalytic relationsbips between parametery wosnonly used me describe
the propertii s ot interest fOor communication., The model vtilizes a memnryles: nonlireal device to
Zranafore attequation and rain intensiry into a4 ane dimeneional Gaussian stationary Markos pro.ess,

Henca, only cne paramater 19 required to introdice the nynamic properties oy raun attsnuation (nto the
model

Experimental results and the kiown proyecties ué gain have bven used Lo derive and wo verify the w41,
comparative riaultc are preasanted and da:monstra* s good correspordincu.  Fa:sher tue avalyels ueeeribad
in this pap.r shows how the d,namic prozertics nf rain atientaticr sheuid be measurcd ro provide a
comnpsitte churacterizetion in the wmod2l.

The application o tle .nedel tu the statishica! analysis of the performance of commiunications sy steivy is Hlustiare-t i the paper The use
of a dynamic rain szirenuation raodel is recereary i vrder to analyze radio communication sy ste .ns with tananit power caatrol to offoe?
the effects ~f rain atienuation wnd where the Fate response time of the contre) sstem ajtects the periormance.

An sdvantaye of the model is the slopliclty with whicn it aliows simulation of communicatior. link
prviomanc:: undecr the iafluence of rain atteruation. Zuch simulatiorns «re =of grzart inte est for complex
wrdels of laptive netwoiks where aeveral deteriorating effects, inclucing Jiaite regrons? times,are present.

1. INTRODUCTION

In sateliite commu.rication sy..ms operating at X-tand frequensivs and Ingher, large signal v.argins ave generaily assigned to cater for ihe
sigr:al fading caused hy pracipitation. As spect-um corgestiosn drives the sysiem planner to higher azd Ligher neguencie., larger and larger
1argins mus” be taker. The 1aethods availadle vo r2dnce these marging and thereby make the most efficient us: of satellite com-inica-
tion systems tall broadly o two categories: one en.ployiny Jdiversity techpniques arg the other employing avapive cotmpensation
techniques. The work descrited in thi, paper was undertsken {2 Jsicrmine the response tine recuirements ol an adaptive system to
compe.isate for fades caused by vrecipita:ion.

1.1 Background £nd Puspose

Previoua worh by SiX. (kef. 1 and 2} has shown thzt the use ot satwll.iie yround terminal (SGT) transwitter
powar conyral is a valuable method of veducing the catewe tiwe caused Ly rain atienvatlon., It is thevefore
planned cthet the naxt gencration NATO SK1TOM eysczn rhaLl utilize powe~ control witn aarcmatic implementation
of commands. Thi cortrol syntem will enploy a min!.-computer with appszopriate sofrware at the conirol
centver. lLanut 2ata #1ll bhe made availabie b, ¢ automat l¢ datu reporting svstem (ADPS) . reporviag fram
each of the fixed SuTs.

The wystem :nput noise caneraturv aid the lavel of the satellite peacon will he siong the measurwuents
rizde Ly the faxed SGTs. ' “eé beacon measurzmenfs will he parfue.mad vaery accurstely by comparison with

an injected refexeace carrier. Since tne dutpet leve' of the satellite beacon is very stable, a hsacen
lew~s hearscenent will give un zecu. ~te meAsure 21 thz Lirk loss av that lccati'on, at any 9iven instant,
The mini-computer, with a knowledye of tue up~ and down-l1ink losses for each carrvier, can order transmit-
powar TlAnjas to ccmpensate {for any increaswd lassns vhich may we cauged by rain or other =2nvironmantal
ef fects

Deiay s 4 very important factor considered in the eveluetion of the control concept. From the sudden suset of rain attenuation, 11>
voatrol aciions can be tak.n fo: a time ¢ :rernined by he delay i the ADRS ang the delay while coinmands are computed and trans-
mitted. The efient cf these Jelays is *hat » wirewhar highes margin on each link will be iequired.

Te evalune the effe~t of the dclays, & staristical n odel of 1ain attenuation was developed. The model takes into acourt vt omay the
s.ativaary piopecties of sudy. out alvz, with the mitroduction of one aduitional parameter, the dynsmic behaviour. o rain,

1.2 Kelated work

8. 11§ is has down thay rain attanuaticn in ¢B 18 lognormatly distribuies (Ref. 3), 2 1ouli which is supposied by exp rir.ental
rest 8 repustzu by Tuiner et. o). (Re”. 4 to 6) and ¥ M.Galunte (Ref. 7). Lin also suggestca that the fade duration T is lognorme!ly
diszzivuted with parnmeters depencert on the fa le thresiold used. However, the \nreshold valuz dependence is .10t given

‘Te determiue the avametery raguired to poedict tine otatistice’ properties of rzin atenustion, longtewr
propagation massuresents are necacsary. For tearcestilal links, well-establighad cachnigques &ve &vailabdle
(Ref. 10! fux evaluating tae exprcied path l:iss per hilometre from meteoraligicsl cbssrvetions. Forx
autallits packs thyough the atwosphrre, this is more difficult to achievs laged only on point measeienente
ol rain statistics, Lacsuse the rain ifutenusity changee with altitude and the wind directiosn influences the
attesuarion. UHowwver, Busecy (Ref. 11) and Heltzer (Rof. 12 have Loth produted Somputacioral piocedures
for evelusting statistlcal properciem of path .osses Ac slani angles through the stmosphure.




A wre accurate procedure for predicting attenuatlion statistics on a slant satellite path from rain
yauyc measurements was develcped by Ippolito (Ref. 13 and 14;, who used a set of ten tipping bucket
raln gauvgne deployed along the azimuth track of the satellite path. The results were compared with
those predicted from on-neam radar measurements.

Far the NATO SATCOM SGT sites, the SHAPE Technica! Cenire has uged both Bussey's method and Hutlzer's to evaluate from meteoro-
logical information the long-term cumulative distribution of X-band rain attenuation. These results (Ref. 15) are utilized in this paper
10 obtain the powszr margin requirements of ten NATQ SATCOM links when an autmatic power control system with a finite response
time 1s emplosed.

1.3 Approach to the Problem

It has been accupted that the attenuation of a microwave radio signal caused by rain has a lcgnomal
stationary Jistribution (Ref. 3}. 1In the plunning of communicaticn systems the dynamic properties of
rain Aavtennation are aleo of interest, especially the fade duration distrjhution, of which extensive
messurements have heen made for a wide range of fade thresholds. Thuse measurements are s:mm..ized
in Ref. 3. For the plenning and performance evaluation of the NATO SATCOM adaptive power control
systvem, a dynamic stochastic model is required to enable the effacts of finite syctem response time
to be calculated.

The model selected for this purpose transforms, by a memoryless nonlinear device, the attenuationa

{1n dB8) intou a Gausslan stationary Markov process of the Ornutein-Uhlenbeck type. The model allows

the static statistical distribution description of rain atcenuation to be described oy two parameters,
«virage attanuationw , and standard devlutiondaof 1qmou. The time deperdence is described by a single
parameter ﬂ . When these three paramelers have been determined, pruperties of interest, such as tha
auto-correlation fu vtion for the rain attenuation and Lhe complete trangition probability density, may
be found by calcula lon, Fade duration statistics may he derived from the passage time properties of
the Ornstoin-lihlenbeck process.

It must be emphasized that this dynamic model ie applicable only during the rain periods, because no
aynamic transition m chanism between rainy weather and clear-aty conditions has been incorporated.

2. CUNCLUPTION O THE MODEL

For ti.e intended appliration of the rain attenustion model, it i considered highly desirable to use
the relatively simple ! .rst-order Markov process. This implies that, given the rain attenuation at a
time t, the wodcl aliow: statistics to be generated for future rsir attsnuation, and that these
staticstics cannot be imp. >ved upon by consideration of the rain attenuation prior to t. The fluctuation
equation may then be writ on as (Ref. 16),

da oy L T o
I LR AV PR E) )
' 2

where n{t) is white Gaussian noige of uaity variance end zawo mean, and Kh and KZ’ are deterministic
functions of o Correspondicy te ’

. P
Lo €ay = lim 3= E  {(a(tsat)~alz))ait)}) 0 : 1 and 2
ne At (2)

RERIV) .

Lin 'Reg. 1) han ghown that the stationsary probability distribution of & 18 lognormal {Ref. 17)
A(M,; M :,A;d.). Kontoguvich and Lysadras (Ref. 16) have shewen that for reflecting boundaries, when che
ata“Jorary density is civen, on)y one of the :wo functions K P i) orx sz(m) remains to be selected to
chareterize the zrocerp fully. Assuming ¥ ) to be chosen,

o 2
ey s bt Tt ety ame Tt
i T2 Jua 2 da 200 (3)
da A
and the probability dengity ofp(c), pioi,t) can be found from the Fukksi-Planck eguation

inla,ty 1 3? 3
Sl L o A, - m o )]

o ) (K?u(u)p(ﬁ,t)) 5 (Klu('l)p( W1} (2)

Since the number of classes of Fokker-Plapck eguations that have pean sclwved i1s limited (Ref. 18)., K” )
wlll be choser so that Eq. (4) can ke converied tu zne of them. i

Furthermore, ohbaervaticns lave shown {Ref. 19) that ths randor -atc of charge of ou(L) 1nciessas with 06 .
1t is shown later that these twe requlrenents can b met by the followiny choice:

2,22 (53
K, (a) = 26°H%0%2 !
AN a
where § i¢ the paramctar selsacted tn descripe the rate of change of the process modeailsd. Thio chotes
enables the fluctuation eguation of g(t) (Eq. 1} to be transtcmad by

lalC(O(t))-h{\ (n&- l'h‘m

K1) 2 it v e

O M QY

(o)

* n List of eymbols Lr glven ip Appendi. A
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1nzo that of Ornstein and Uhlenbeck (Ref. 20 and 21) by the use of 1tA differentiztion nules (Ref. 22)

dx 5
=2 - (7)
T xB + Y2 n(t)8

The complete dmam.c solution of the corresponding Fokker-Planck equation for x (using K, (x) = ~%p
and K (x)= 29;2 in Eg. (4)) has been obtaired (Ref. 18 and 20) and results in the nomal fif—st-order
sta "lONary Mavrkov process.

The substitution of Eq. (5) irto the conditional probability Jdensity of the Ornstein and Uhlenbeck
process gives the conditionsl probability density of & {(t)}. This lognormal distributiou can bke

written
P (aleeat) < ala(x) = a ) = Apapayoe)

(8)
2.2
= _‘\(uaM(l-exp(-B[Atl ))+1gm(uo)tiexp(—ﬁlucl ), o M (1-exp(-28{at}));a)
The relationship between the gen.rating white Gaussian noige source n(t), the urnstein and Uhlenbeck
distributed intrinsic model stochastic variable x(t) . and the instantanecus rain attenuativn o4 (t)
in @B is illustrated in Fig. 1.

Figqure 2 shows how the corditional probabllity density of ¢ (t+At) changes with 4t, given the
instantarneous value of & (t) =0(o for o'u = 0.5, o(m = 0.5 dB and s~ £ dB,
«

- j = rad
The moments of t+2 conditlional density of a are \uJ' = r-(“]l“o) = fa~dA(a)
o
= exp{jk Na(l'e*‘P('slA‘“) * lg]Oan exp(-Bi’\tl)] * %—H‘ulz'2 1--_xp(-?ElAt] ):l}

a’ (9]

from which Eq. (5) <an be obtained whemn

(10

3. YOGINT RAINM TMIENSITY
tor short xadis patus (Fol, 2%, ~hote the valn i.teasity ¢ can be assumed consiant throughout the path,
the atterua..ien is related *o rainyall antendity L
n . i1
¢ =yq L il
where y 0l are frequency-deperdent parineterxs, which are neaxzly independent of poarizaticn, snd L
1s the length of the path, '

n
Sir:e o« is lognormally dt:-xtributeeA'M/nh,o:r.‘ ;n), it follows frow Eq. (11) that the rainfall intensity
q is »lao logaovmmally Gist.ributed

. 2,2, 2 2 2

Mh(y L) (L)-1g ((v}i/n, M/n"5q) = :‘.(Huq.H oq'.q) (12)
whizh is in actordance with Ref. 23.
this medel is developed privarily to represent ppace-tn-earth links al microxave frequencies. The distance
thioush the atmosphere foi these links wiil not be "shewt” in the tense ured in Ref. 23, The flucruation
rate will therefore be slower tor the radin path ettenuation than for the rain intersity av a single poirt
in tht path, therepy glving a hlgher value o f for the sinclic prini rain intensity mdel.
Fquaticn (11) chows tiat rainfall intenoity can be represented by a loynermal modes dmullar Lo that
¢z resu attenuation. This makes 4. possible to support the model not only with rain atteiuation

seal Lot1ce, but also with statistica or. rainfall intensity.

4. PROPERIIES OF THE MUDEL SUITABLE POw COMPARISON WITH FXPEPTMENTAL OBSERVATIONS

1he stationary Aistrikaition of tne rain actenuation of the wndel is lognomal and 8 therefore described
by wwr parameters which can bz determined from long-term atteruation statistics in tue form 27 a4 histogram
fo. the atluruution of « given radiu path.

As wil' have Leen noted frem the previeas s tions, the dyna ic prepenies of the model are described by one additional parameter 8,
Vit is the rote of change of atiecuation. Wher: @ is known, the model can be vsed to calculate Gynamic properties of rain attenusation
v as fude durs - on siatistics, ty pical profiles of rain attenuation us a funcuon of vme, and the autocorrelativn furction.

4.1 The Auturnrrelation Functlon

tu Ret. 24 {v s shovn that th: autecorrelat;on of x(t), p(T), is agponential v.th unity correlation for
zZope tine lag. The autoco-relation of ¢ (apd q) will, however, ke different ard is given by

2 aalxlﬂ( )

4 2 2 (13
== a0 sto4x=20( du ¥,
R(_(T) =, 5 R - cxpl- 1772 1°2) dxldx2

R I A IS 2(1-p*(1})

T
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since x is N{0,1,x) distributed and the transfer function between x and & is non-singular and memoryless
fcr all values of x.

2 22
= o » 1+ } 14
By integratior, Eg. (13) ylelds: Rg(” % EXP {n Ga( (1)) ( )
2.2
Nomalization and the :emoval of bias yield: exp b ap(t))'l
T P (ts)
exp(M a) 1
where ole) = exp(-glt|) {16}

is the correlation function f:r the Gaissian variable x(t).

Equations (15) and (16) are shown graphically in Fig. 3, with$  as a parametcr, it can be seen that the
correlation decreases with incieasing f a This 13 a conseguence cf the model property expresssd in

Eq. (5).

4.2 Time Profliles

Tf at a time t = 0 an attenuation o = Obg is given, the mean profile for t > 0 will l'e aetummiued fror. the
first conditicnal moment (Eg. (4)).

E{u(L'}!JO) =, (&)

1w (17

The variance from tu~ mesn prufile is

7 ; ey 2
= hd DR = - A 18j
°p El(a(t)~E{a(t)) .'xol A2Q(L) lu(&) (18;
Figure 4 shows nommalfized mean and + <  profiles for W /oo = 47.6 and 166,7, & = C.42Z dB, and
c'a = 0.61. To facilitate Camparisun with the erperinc cd). Fesults glven in Sec ,_Q_* oit 5.2, the parameter

values are chosen to comply with thrse found in Ref. 1y,
4.3 Fade Durat.on Statistics

A fade 15 expsvienced when the atteriatlion exceeds a fade threshold @) . Because “he fade threshold
car be referred to the stalistical variable xft} by the nonilnear trarsform (Fig. i), the statistics
ot the fade duraticn T of the model ave found from the level crossing properties of the Orngtein-~
Uhlenceck process. x

The fade duration prmperties of this process have received spucial attention in the l.terature.
5.C. Rice (Ref. B8), R.,J.F, Siegert (kef. 25), ancd McFadden (Ref. 26) have stucled the process and shown
that the probability dengity of the fade duration for this model does not exist as normslly detfined.

The power spectrur of the Orpste.n-Uhleabeck process cas be written:
1

2 (19)
1+(&'.£)

Wif) =

The power carziad by the high frequencies in the spectrum of this procesa 3o s lary. what the average
fade duration is vere. Tn & practlral system used for measuring

fade duration characteristics, however, effects wuch au fluite sampiilig
Lrequency, nystereais in the Jevel crossing detectors and bandwiath limivztionsg ix vae leval measurement
equipment will cause the observed average fade duration to be finite,

In this paper it will be assumed that a measurement filter 1s used to enable “ade duration statistics
to be defined. The fllter characteristics can be chosen quite freely &s long as the bandwidth w is
mach larger than B .

[

Figurz 5 shows & propused equipnent measuranent configuratiun to enable the wmodel parametqrs to be
determined from reported fade duratiocu meaguv¢unents,

Tre uge of the approach given in Hef. 8 illustrates the fact that the averuge fade duratlon is dependent
on the measurement bandwidith superimposed or the process. Independent of the measurement bandwidth,
however, the Jlistiibution ‘unction of fade duratica is given by (Ref, 9}

It <t]e 1 eap(-t/%) (20)

where the average fa.e duratlon-f; for threshold x

is given by T =7 exp(xQ/?)ux‘fc(x /¢2) ) (21
S o Q [}

The complemer.tary erros functicn is defined in Appendix A.

In Ref. 8 it iy shown how the fade duration statistics can be cbtained whea the aecasurement filter used
is of the type:

g




1

w (€)= -
(1 s2ny7y2 (223
W
byl

3 <y

“ N 2
T = a7 f -
To =n/2 g 3)m + B /.Jm\um g) (23

Note Lhat 'Fo goes to zoyo as u')m approaches infinity.

Then ?0 is given by (Ref. 8;

5. COMPARISON OF MODEL FROPERTIES WITH CBSERVATIONS OF RAIN

n the previous scetion, propertivs of the moedel suitable fur comiparison with measured properties of rain were obtained. In this section,
these propzrtics are compared with the known praperties of rain.

5.1 The Autocorrelation Function

No measurerents of rain atienuation or rain intensity have been tuund in the literature which have or can be processe:d to yieid the
autocorrelation function.

5.2 Time Profiles

In Section 4,2 time profiles for rxain attenuaticn werc obtained from the conditional noments. However,
unprocessed measured time profilec are not avallable from reported trials. Norbury and white (Ref. 19)
have conducted experiments over four years at Slough, England, recording all rainfell intcnsity events
with amplitudes larger than 20 mm/k. Foru tte experiments a special rapid-respoase rain gauge was
employed (Ref. 28). The sampling ratec was 0.1 sample per second, The results vere norwalized with
respect to the peak intensity within the interval considered aud the time scale referred to the time
of the peak. These results (Fig. 6) show the normalized mean and the standsid deviacion profiles

for rain intensitics in the range 20 mw/h to 70 mesh,

For the mcdel no analytic expresgions have been found for the moments of the expected decay of the rain
intensity from a given maximum. Since thie unpreceased data of Ref. 19 was not available a computer
simiiation was carried out at 5TC using the ulgorithms given in Appendix B. The results of an §TC
simulation, consisting of 100 event seguences, are included in Fig. 6 for f)-—- 0.11 min ~1, Dy = C.42
mr./h,o‘q = 0.61, in accordance with Ref, 19 and 23.

5.3 Fade Duration Stetistics

1t was pointea out 1irn Section 4.3 that the probability distvibution of the duration of a fade exceedina
a given threshold x  was given by eq. (13 and 20) for any cype of measurement filter. To cdeterwine f
from fcde duration Statistics only was not a convenient method since the measurenent. equipuel.t woulg
tend to influence the results.

In figure 9 the results on the statigtics of fade duration from experiments using thoe ATS-6 actellite
(Ref. 14) are compaved with those chtained from eg. (12). The results are plotted on lognomael grid

using tade duration normalized with respect to averzge fade duration as abscissa and fade threshold as
a varameter.

Table I showy samn of the resulis from reported trials or fade dquraticn slatistics. If the table had
contained more meagscrements of the offect of different thresholds, Eq. (20) cuuld have been conpared.

6. MARGIN REQUIXLMENTU CI' KA,Q GRYICON LINKS

in FoMh*sateilite comunications it 1s yosgible to combat rain losues by inrcreasing Lhie transuit vowers
for the carriers affected by raln (kef. 29 and 30). The transmit power mus* be rejgulated tc the vaiue
necessary to maliptain commanlcation plus a wargin to cater for imperiections in the rystem, In this 3
section a margin Z that does not depend on the attenuetion x Is considered, while ir Section 6.2, the ) ﬁ
maicyin ig attenvation daspendent, The prolability of an incréase Zz in sttenuation for a time A&t can be

found as a functiovn of X, by weans of Eq. (9}, which 1s subaequently averaged over the distribution of
& = X(t=0)
[a}

13 {m(:+ot)>m,fz fm&m} " J'(q ~A(Fy () y Py jor, ¢ 21)d A (p.ﬂ,q!rq.;o(.) (24) ; '

Fraa (- £,9) |

where the parameters p (&,}) and p_ are the sawe ay those ugod in og, (8. The substitution '
s:!m(:\,,‘(,) 2d° M gives 1ox the ifitegral

« Jnlztgeapiso M¥2)) - e/Taxp(-£[a1|)o -1, !
. 1 2 a a

[ grnexp(-8T)erfc( st Yy Jds (25)

n, MoV 2(Loaxpl -26| 8L})

where the lower integration limit ie

o z 30 ‘
u_ =1 - . ;
& in(==/Fo w2 <0 ,
[y a I

[

* Frequency Division Multlpic Acoess.
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Equation (24) vyi<ils %- for 2z = 0, Hence, the probability of increase and decrease in attenuation
18 the same. Another property of Eg. (24) Ls that, when At apprvaches zero, it ylelds ! for z = 0
and 0 for z ¥ 0.

Since no analytic solution has been found to the integral of Eg. (24), numerical integration was uscd ro
cbtain a soiution. Because of the Gaussien factorx Iin the integrand, and because of the double infinite
integration range {(z & 0), a Hermitian numerjcal integration was used (20 points).

The atmospheric attenuation statistics for ten NATC SATCOM SGI' sites were estimated in Ref. 15. For two of
these sites, the parameters @ , o4 , and P_ were obtained by fitting a lognommal distribution through

the curves given in Ref. 15. ?rhe Surves obtained from Bussey's method were used and are therefore
expected to represent "worst case flgures®.) The parameter P wes set to 0.11 (min™*) for both links.
Figures 8 and 9 illustrate the results of the application of Ey. (24). Note that the margin savings

using a power contxol system increase with increasing availability requirements.

6.2 Partial Countering of Time Delay by Attenuation-Dependent Margins

In the previous section, the effects of the delay in the control system were calculated in terms of

miryin requirements. With the advanced power control system planned for NATO SATCOM however, it is not
necessary to use the same margin for all links, nor need the margin for a link be time-independecut.

An obvivue method of reducing the degradation of the power contool system caused by time delay is %o
let the lirtu with a high probability of a sudden increase in rain attenuation operate with higher
margins that the remaining links.

Themodel offers & possinility of calculating how the available satellite effective isot.ropic radiated
power (EIRP) should be allocated to the various links, taking into account nct only the clear-weather
loss of the 1link, but also the diffesrences in rain attenuation statistics throughout the network. As
an example of the use of the model, a single link with ar observed rain attenuation & 18 considered.
The objective 1s to assign to this link awaryin K , which depends on 4 in such a wgy that the
probability of an outage in the next &t seconds, where At is the delay Time of the power control
sys.lem, remains constant.

The probability of exceceding the level mo + K at tume t + At is
Pr{a(6c+t)>uo+-<la°} = 1—"'(p‘(°“"1ipli°‘°"¢? <R (26}

whexe the riguthand side of Eg. (26) can be found from Eq. (8) using the definition of the A ~integral
given in the list of symbols. The optimur control strategy in this simplified example is to keep

the aryuwent of Lhe complasniary erruz funcilon constaau wilh changing elienueiion w by Lhe
introduction of corresponding changes in the margin K . (This statement ccontalns an approximation
because the probability of exceeding of +¥K 1n the time At and then returning to a lower level is
neglected. The approximation is good for ac ¢<1/1‘°} )

For Pat <« 1 Eq. (26) yilelds

K= a, (c4P(§)-1) @n
whers

] -
€ e f
§ = erfe rape )G M 284t (28)

The results of Eq. (27) ard (?8) aie plotted in Fig. 10 for P = 10_2 and 10—3. From the figure it
can be seen that this strategy implies an increase in margin (ir addition to the actual increase in
Patl 1056 alienuation) of approrimately 1.90 4B Lop each 8B incrwease in raln allenuvAtlcn, wWhea the
delay before 2xecution of » command is 20 seconds and the outage probability when it is raining is
set to 1073 at this site.

7. CONCLUDIN( REMARKS

The results cbtained fron the mathexatical stochastic wodel of rain atterwation show good corrsspondence
witn the available experimental resultuy. The model enables analytical expressions to bhe formulated
showing the inter-relationship between comuonly-uged statistical paraweters. 1t alsc indicates Low a
comaenicatici link should be measured in order to yleld a stytistical characterization.

Pade daration statistics are of parrivular interest for communication purposes. There propesties of
rain atteruation have bean measured extensively for fixed threshold valnes. Since level cruseing
avaluation ot siocrastic processes ie an extyemely difficult topic, and fsw analytic expressions are
knowi, such measurements are not ontirely suited fior characterization of the proress. As shown in
Secuions 4.1 and 4,2, wesn atvenuation prcfiles, anl long-term measurements of the autocurrelation
function, axe more directly applicable fox thls purpose and further measurements of tresec properties,
Lo support the nodel, are desirable.

By ths us¢ of the model, it has heen possible to estimate the availability of the NATO SATCOM links
iconsidezing rain attenuaticn only), when the powar of a link 18 contrelled by a contyol system with a
finite reaponse time, Lul otherwisme perfect. With a link availability requirement of 99.9% an? a total
respouss time of 40 se~ondu, the margin requirements for un Lp- or down-link cvar be reduced by 1-2 3B
{depending on the pite) cumparsd to the margin required Lf no control syshem were used.

o .

e~ o
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An advantage of the model is the simplicity witli which it allows simmlation of communication link
perfcrmance under the influence of rain attenuation, Such simulations are of great interest for
conplex wodels of adaptive networks where it is necessary to include the deteriorating effects of
finite response times due to the practical limitations of telemetry gystems.

This paper records work undertvaken as parxt of the continuing effort to design and evaluate ap automatic
rower control technique for NATO SATCOM. The main purprse of the control system is to combat the
increased attenuation experienced during adverse weather conditions. For a reslistic evaluation, the
degrading effects of measursment errors and limited ground terminal EIRP are being considered in

current studies.
8. APPENDIX A
List of Symbcls

N(,h-;o‘z;x) - Cumulative normal distributjon of x with average value of
x =)~ and standard deviation of x =¢ :

X s
1 u-u,2 -
= Soexp(~(==)Y)u = 1 -2erfe (2
aV2r - 0v2 4 (6"‘ )

_A( /,., 0’2;%) - Cumulative lognormal distribution (Ref. 24) of ot with average
value of lnit ) = . and standard deviation of n(&) =

; - Ind -
=—l—-/iexp(-(£—u—p-)2)du B ‘;‘,”60-4:( il )

aVin g U o/ Ei
erfe(x) - Complementary error function (Ref. 217)
L]
2 13
= ﬁ./ap(-t ) dt
x

A3 - Moment of order j of logrormal distribution
c;,A,k,z,oLo - Attenuation in 4B

[ S R — . [ R
[ey3y] - Hain inlendacy i mmu/ o
Ma - Mean value of lqlotw);/ﬂa = lglobbm)
3] - Inverse time constant
x - Intrinsic model stochastlic variable
P - Autocorzelation function of x
r(T) - Normalized, unbiased autocorrelation function of the

external stochastic variable of the model

R(T) - Non~normalized, blased autocorrelation function ot the
external stochastic variable of tne model

W) - Power spectyum

M - Mathematical constent (in 10 = 2,30258%)
X - Radio frequency dependent constant

P - Fadlo fregquency dependent constant

L - Equivalent link length, in km

Po - Probabiiity of rain

t, T,T - Time

Kn(x) - n':h order moment of stochas*ic variadle x

p - Prohability density

[

- —

AR
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a
oo - Median value of attenuation exp (M)ua) = ldA
W - Measurement bandwidth
d - Standard deviaticn of x
9. APPENDIX B

Agpacts of Simulation

The model is sc designed as to enable simple hardware or software simulation experiments to
be conducted.

Hardware Simulation

The equjipment shown in Fig. 1 consists of a noise source, a first-order RC filter, and an
exponential amplifier. An analogue value is produced which can be used to control an attenuator with
a linear relacionship between attenuation in dB and control voltage.

Scoftware Simulation

An algorithm suitable for computer simulation can be obtained using the properties of a
sequence of sample values (xl cers xk, xw1 .+.) of the stationary Markovian process of first order

(Ref. 35):
= Vi-p?
RSOy P "y (AL}

where x, = x(tk)

K= tka1tOE

n 1s white and normally distributed with meanr value zero and unity variance
and p = exp(-pat)

The relation between o and x given by Eq. {6) yields:

%P N-? n (a2;
-~} a_ 10
Gm m

Upy = ¢

Equation (A2) is directly applicable for compter simulation and requires a subroutine for
generation of independent random Gaussian numbers K(0,1) for . This technique was used to produce
the model results in Section 5,2 fur cowmparison with the experimental results.
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SESSION 1

C.M.Rush — US: Dr Nisbet, you mentioned in your talk the reed or the desire to have coordinat~d ionospheric
modeling efforts. A few years ago, there was within the Government, the makings of a coordinated ionospheric
modeling effort; it involved many different Government agencies, and also people in universities. Whatever became of
that?

J.S.Nisbet — US: There was a very large ionospheric modcling effort started by ARPA, but it was dropped.

E.J.Fremouw — US: ARPA did call together a panel of people working in radio propagation to review the work, One of
the criticisms that came up time-and-time again was wherc is the output? Where is the application? It was a very large
program, but it was viewed, at lzast by scme people, in terins of more immediate output. That's obviously a problem
one's always going 13 have to face in that large scale a program - that the sponsoring agencies are always looking for year-
by-year, or even a shorter time-interval application.

J.M.Goodman - US: There is theoretical modeling work being done at the Naval Research Laboratory. Workers are
principally concerned with the first principles approach in which the:’ try to develop all of the processes which are
responsible for things such as scintillations, plume development, and so cn. There is a sirong program in equatorial
scintillation simulation. There is little bit of work at high latitudes, and virtually nothing at mid-latitudes.

N.G.Gerson — US: Question for Profescor Nisbet. You mentioned that you thought you might be able to obtain somc
dynamical medels, and it’s on this very case that | feel very pessimistic; and hopefully, you can drive away my pessimism,
1 view tlie carth’s atmosphere as a cenducting fluid in a magnetic field, with unknown energy sources coming not enly
from the sun, but from energetic particles as well as from layer couplings. Do you reasonably feel that we can construct a
dynamic model? Is it a one year, a ten year, a century job? How hopeful do you feel about jt?

J.S.Nisbet — US: 1 think we can produce dynamic models that will reproduce irregularities of the scale of the height
distribution of the general time variation; in other words, irregularity structures that will develop in the same way as thay
are seen by an EM signal trom a satellite communications system or a radar. T agrec entirely that it’s very much more
difficult to model the dynamic variations in the ionosphere short of starting from first principles.

F.R Schmerling — US: [ think, personally, that the advances in modelling state-ot-the-art are going to come from more
emphiasis in the overall physics of wilat is happening in the ionosphere as part of a system in solar-terrestrial relationships,
and we have nearly gone as far as we can in the cinpirical modeling.

C.M.Rush — US: Your points are very well taken, Doctor Schmerling. 1 think, however, that most of us who are in this
game do appreciate that the man who's holding the purse strings does want to see resuits. 1t’s perhaps a sad testimony to
our time, that we have to produce those in a ratner short time period and to tailor our work to a specific application
rather than to zeneralize it.

LJ.Rothmuller — US: 1 think one shouldn’t sneer too much at empirical or semi-empirical methods of getting answers,
becausc quite often that’s the first step. You form a correlation between two things that you feel are somehow
connected, but you are not quite sure. The physics tell you it oughti to, but it's so complicated as not to be obvious. 1
feel there ought to be a balance netween modeling totally empirically without locking at the physics at all, and at the
other end, modeiing only by totai understanding of ail interreiated processes.

L.W.Barclay — UK: In the comparison of theor ical and empirical models of the icnosphere, I am reminded of a rather
simple example; that of modcling the nighi-time skywave field strength at MF. Early models of this wete empirical, but
sOIne years ago a major improvement seemed likely when wave-hop methods were developed. These thearetical methods
failed to find acceptance due (I think, although the rejection was not expressed in this way) to the lack of an adequate
theoretical model of the structure at the lower ionosphere at night. Since then, the prediction of MF field strength has
been based on empirical results and the technique has had to become much more complicated, and lesy related to any
physics, to accoupt for the apparently differing results in various varts of the world. An empirical model like this might
be challenged and altered at anytime as new results beconic availeble, and I regard it as rather uisatis{actory. It should be
possible to produce a much more satisfying and scientifically accepiable model when we are able to supply a reliabie basic
physical model of the lower ioncsphere.

I was interested to hear the discussion on sources of funds for iong-term studies of ionospheric models in the USA.
In my opinion, the position in the UK 15 even less encouraging. Some sources of funds for universities and research
centers may come, with difficulty, from the scientific budgets. So far as other budgets are concerned, however, it has
really not been possitle to convince the HF uscrs that there is a problem for which long-term modeling studies would
provide a solution.

e, A - o

T.B.Jones — UK: As far as ou: nilitary geople are conccrned, it's virtually impossible to convince them that any kind
of modeling whatsoever is of any value to them, What they do think though, and I think this is worth saying, is that a
real-time hardware channel estination systcm seems a much more attractive object to someonc who's going to put
nroney into a system.
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E.R.Schmerling - US: I must take issue with that, to the extent that it’s only a partial answer. For short term aecds, an
adaptive channel estimation system is enormously attractive. But in the long-term need for planning, such systems are
inadequate. The modeling community has to convince the authorities of the necessity of betier modcling. Perhaps

Dr Rush would like to say a few words about CCIR. Wouldn’t CCIR like to have some good long term models on the
basis on which it could make soine good rccommendations? L

- o ~ - —~eaal

C.M.Rush - US: There's no question about that. Attempts have been made over the course of the years to develop not
only MF skywavg ficld strength methods, but HF and now ¢ven down to the LF pands. [ think its rather difficult, though,
for CCIR to make great strides in these arcas without the benefit of the scientific community. The people who partici-
pate in CCIR, although we mean well, do not have the benelit of, let’s say, flexibility that is normally afforded in the
scientific communities, We will see within the next two years the crying need for much improved informatior on the
status of the jonosphere and its impact on all of the radio communications systems as we go into the preparations and !
actually hold the General World Administrative Confererce in 1979. At that point all of the radio regulations as well as

the frequency allocations will be up for review, and decisions will be made as to the allocation of the spectrum and the

utilization of certain frequencies on the basis of information that’s at best incomplete and in some instances, lacking. On

the other side of the coin, such decisions will also be made on the basis of political pressures so if one had that informa-

tion, it's not at all clear that it would be used in the most appropriate way. But you are right, there’s nc question that

CCIR in the ultimate does desire more accurale models, more accurate methods, for long term system planning and

utilization of the entire frequency spectrum.

1.J.Rothmalier — US: The point one should make when one looks at the effects of the environment on systems, is that
one can deal broadly with all systems rather than tailoring oneself to one particular system.

E.R.Schimerling — US: While it is true that the funds are available in the applications, the applications would have been
impossible without the science that went before it.

1 think NASA’s representative put it very well when he was challenged in Congress about the use of pure science.
He said, “Gentlemen, we have taken out from the treasure housc of knowledge what has been put in by previous genera-
tions and it served us well; and you can get all the examples you know from TV onwards. Now | think it’s our problem
to put science back into the store-house of knowledge for future applicctions that aren’t even dreamt of””. And one
Congressman jumped up and very 2xcitedly said, Do you mean, that you want to restock the barn with sced grain?™
The Congressman understood it very well.

I think we're talking about two entirely different things. We are talking on the one hand for results now and applica-
tions. This is legitimate, and therc's a lot of money in it if the arguments arc legitimate. Ca the other hand there is
science — the search for a deeper understanding of the how and why. I think there we want to be very careful not to
pretend that we're going to come up with instant answers. What we're really seeking is the intellectual satisfaction of
understanding, and maybe one montn, one ycar, one zeneration ahead, some application will be found from this know-
ledge.

H.Soicher — US: In vicw of what has been said in this discussion period, has the scientific community failed in its effort
to convince the users and those in positions of funding authority on the relative importance of science and its applications?

J.Aarons — US: Someone ought to defend the current funding system. For example, in the US Department of Defense,

we have what we call, 6.1 funds for basic research. This cffort emphasizes theoretical and ¢a perimental conceptual work, ]
rather than strictly applied work. The National Science Foundation is heavily funded, and it is niot tasked with opera-

tional iasks.

S

We are involved here in an operational modeling meeting and thevefore, we're putting together all these various
operational models which are practical to some users, The tasks of putting together all the parameters involved in
producing the various ionospheric eftecis should be performed. It's a massive effort requiting many groups coming
together, aud a lot uf funds dzvoted to just this probi2m over very long periods of time. Perhaps one of the things that
we gught to think about, at least within the US concept, is iow to put this together in a practical way and sell it to the
Government.

7r

N.G.Gerson — US: The funds spent in North Ameyica on improving icnospheric predictions over the past two decades i
were enorrous, while the resuits have been rather small. In some cases, the practical commuricator did not change his ;
operating pattern to incerporate new refinements and improvements in predictior techniques.

J M.Goodman — US: As far as the C? system designer is concerned, the traditional use of basic res>irch in the radiowave |
propagation modeling area is based upon a requirement to know the range of channel or jit:k variability. This is so that
naval waveform/network adaptation and coding/interleaving schemes can be developed given best estimates of the ranges
over which such schemes must adapt or operate against. Nevertheless the designer will generally opt for development of
adaptation or mitigation schemes based upon median disturbance models. Large disturbances may s'ill picduce outages
especially for the smali disadvantageous users. It seems to be that the requirsment for reel-time prediction scheines there-
fore still exists even if the overall link availability is as good as 99.5% {cvorrespouding to 44 hours/year) since disturbances ;
are generally clustered and not averaged over a year. Typically a few disturbarces will contritute to the total channel

unavailability is a significant problem; it matizrs not that the Jong terin availability is 99.5% say. ‘




SESSION 11

L.W.Barclav - UK: In anumbei of papers this morning, we've heard mention on the use of the Bradley/Dudeney profile
for vonnecting the E-region and F-region. 1am goi-  “ack again to statistics really. For E-region critical {requencies, the
models, 1 think, allow £ 5% variation in cntical frequency between the Y0% and 10% days of the month; and there ar.
much wider vaniations in the critical frequency in the F-region. There are also variations, and [ am not sure how well e
statistics are modeled, for the thickness of the F-region Yet 've use a singiz tvpe of connection, a single type of profile
between the E and F-regions. Can I ask Mr Bradley, or some of \he other people who use this profiic, is there a need for
adding a statistical vanation onto thati interlayer profile?

P.A.Bradley — UK: Further developments of the Bradley/Dudency model have been proposed by Dudeney. The
proposed madel consists of a parabaolic IF,-region and a paraholic E-region and some intermediate sectiors which are
trigonometric in form. These scctions give a smooth transition through the height profile.

K.Davies - US. It 1s very nice to have the sophisticated mode!s that were described in this meeting. The question is, are
they of any use to the user? Are we making these models more and more sophisticated for our own sakes rather than for
the sake of the usct or the designer?

L.W.Barclay - UK: My job has been to try (o interpret the valuable work the scientists do for the man who's got to use it,
so my first consideration has always teen to try to talk to the user first and {ind out what he wants, and then to tell him
the answer in language that he’s used to talking in. And that’s not easy, but I think that’s the way we have got to go. We
have got to somehow tum our predicticns with all the sciences built into them into some sort of number, some sort of
measuie, that the man who's got the job of using HF communications can really hold onto and understand. We are trying,
but ! think any ideas on how to do it better will be very welcome.

T.B.Jones -- UK: We had in Norway some years ago a gathering of a group of scientists, a group of communications
engineers, and a group of military people, who are the actual users. At the heginning of the week the participants didn’t
even speak the same language let alone undersiand each other. | think that was a very revealing meeting. Dr Davies
summed it up very well at that meeting, saying that one of the major probicms in communication rescarcn was communi-
cations between ourselves and the user community. I think that’s a problem tnat’s still ouistanding and we, as scientists
are a little to blame for not inaking maore effort in this direction. People like Dr Barclay wiosc job it is to translate iono-
speric science into useable terms that he can p.ve to users, have very dumanding and difficult jobs.

T.A.Van Geem - Netherlands: 11 an offiver with the Air/Staff Training Section of the Netherlands. It seems to me that
wu have three leveis of comnunication. T first is the scientist, the secord is industrial and military liaisons, and the
third is the actual user. For fruitful results, there must be a translation between the first level through the second level 10
the third level, with uncerstandable instructions. -

J.Rottger — FRG: The smooth beliavior of the ivnosphere shown in the talks this moming pre:ents a very gencral picture,
There arc variations in the critical frequencies of these ionospheric laycrs that can be included into forecasts and predict-
tions, as has becn pointed out very properly. We also have some disturbances which can be forecastec by some means.

We must, however, rcalize that at several locatious of the globe the ionosphere does not behave smeothly. For exaraple,
at polar regions disturbances arc quite common; as at the equatorial regions during the post-sunset period. You cannot

fit a parabolic proiile to the F-layer under such conditions, ncither can you define the critical frequency properly due ic
the strong density gradients. For HF propagation mode in the equatorial zone one must take scatter into account as well
as of f-preat-circle propagation at total reflection. While the equatorial behavicr is guite common and possibly predict-
able, the normal modsl parabolic fit can not be used.

T.B.Jones -- (US); The point is that there are very large temporal changes in the ionesphere, especially in the auro:al
zon , and it is very difficult to include these in a model. 1 don’t think this has been done.

C.M.Rush - US: Somne years ago a group of AFCRL (now AFGL) attemptc to put togeiner a polar ionospheric

model. Averaged over all time ir any of the simulationz, the conclusion was reached that it was no better than that which
was already available, namely, in the form of the I'TS78 program. This p# (icular model was put together specifically to
look at the impact of the high lutitude ionosphere un the performance i the backscatter radar system. Even though, on
the average, it turned out that the results on the new mode! were not better than that previously available, it contained
certain quasi-permaneat features cf the high latitude ionosphere such as the high latitude trough and the aurora! irregulanty
zone. That enables one Lo at least make an assessment of what the potential impact wouid be on the performance of a
radar system if the high latiiude trough were to move down under his azea and to move back up. 1 think the primary
limitation to forecast anu predictions, not only in the high latitudes but also the equatorial segion, is the fact that thiugs
are changing so rapidly. 't makes very little sense to attemnt to develen a predictien scheine that requirss an chservation
or assessment of a geophysical phenomenon on such a tirue scal: that by the time you get that information to make it
usefu;, things have changed so much, so rapidly, that it's of no uss whatsoever. There's an arca beyond which I don’™
tirink we can progress, bzcause we really get into the geophysival noise area and all we would be doing raising and
lowering the noise floor.

NS
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J.S.Nisbet — US: The users and scientists arc being talked about as two different people. For some of these models the i 1‘
scientists themseives are users — particulariy for high latitude studies. The models which take account of special high ‘f
latitude features (e.g. cap or trough regions) are very valuable to those who study, for example, damping of ionospheric l
wind systenis.

E.V.Thrane ~ Norway: | have two comments. One pertains to the predictions at high latitude. Some years ago an L
attempt was made at our laboratory to compare the behavior of a communication circuit with an ionospheric reflection !
point in the auroral zone, with predictions. When the operators compared the frequencies actually used with those pre- .

dicted — there seemed {0 be no connection. Further, the predictions were compared with lonosonde data just south cf
the auroral zone with very good agreement. The conclusion was drawn that the predictions hold well up to 65° north
geomagnetic latitude, and the break down abruptly as onc moves northward. The other commeent refers to the paper by
Widdel and Lange Hesse. It seems that for the first time there’s an indicaiion that one can predict Winter Anomaly
absorption. Do the authors have any suggestions as to the physical mechanism that connect the air glow to the actual
absorption? ,

G.Lange-Hesse — FRG: At the present time [ have no physical model which could explain the statistical behavior, shown.
The only thing that may be said is that the intensity of the red emission in the air g'ow is proportiona! to the square of
the atcmic oxygen concentration in the lower atmospherc, say at about 95 kms. The two factors K1 and K2 depend on
the temperatuze in such a way that increasing temperature would also increase emission. | think thera’s a future field of
activity for theoretical work in this respect.

H.Soizher - US: On many occastons we have tried 1o update prediction schemes with real time data by ionasondes.
Sinze the ionosondes are located in specific limitcd areas, what can one say about a correlation distance? For TEC
correlation distances of 1000- 2000 kms do exist. What are the correlaticn distances in téyms of F-max or critical E for
examples?

N.M.Tomljanovich — US: It was pointed out that a highly variable ionosphere there is a limit on how much the predic-
tion accuracy may be improved by a near-real-time update. However, the near-real-time update will give an indication
when the ionosphere is highly variable, and as such it is of value.

T.B.Jones — UK: For a signal between 5 and 8 MHz, a path of 1000 km - the correlation of abscrption variations
dropped to .5 when the separation of the path midpoints was about 300 -400 kms.

1.J.Rothmuller — US: We have a complicated matrix of users, modelers and models and what happens is that the same
word gets used and different things are implied about it. When a user clainis he needs a more accurate model, or a more
precise model or a more realistic model, he has to make it clearer what is meant by *“'greater accuracy’. Does he mean he
needs to know reaction rates better? Does he need to know the profile better? Does he need to know morphology better?
What exactly does he need and what is he going to use it for?
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SESSION VI

11.J.Albrecht - FRG: This general discussion period should tocus on the future direction of environmental medeling for
the optical an.d IR portions of the spectrum. One should keep in mind the specific requirements of the military
community in the design of such modcling efforts. To quote Lord Kelvin — “When one can measure a quantity and
express it i numbers, one knows something at.out it; when one cannot express it in numbers, one's knowledge is meager
and unsatisfactory”. Environmental mcdels are, of course, soniewhat different. In scme cases, they pose an ilerative
approach to the solution of a problem, and must be improved continuously. Some suggestions 1 would like to offer for
discussinn: Applicability of Environmenta! Models to Artificial Modification of the Environment; Aerosol Models;
Environmental Tests of Models at a limited geographic area; Determination of Rainfall Rates and Cloud Formations by
Remote Sensing and its applicability; humidity as a model parameiter.

R.A.McClaichey — US: ! am going to respond to a couple of points that our chairman made as weli as 1o raise another
very closely related point here. 1 think that the models have become quite good, in terms of predicting the optical
properties of the atmosphere, to the extent that the input data into the models is adequate. The problem that | think we
have for the future is how to decide, (1) which models to use for a given situation and (2) how do we establish that the
input data is the correct input data It's particularly pertinent in the case of the acrosol models (and by aerosol I mean
haze, fog, dust, clouds — whatever is a particulate matter in the atmosphere). In case of the molecular influences, we
have a reasonably goou knowledge of the molecular constituents of the atmosphere, thorough standard raeteorological
measurements, and a reasonable understanding of the variability of, for example, water vapor, which is one of the key
molecular constituents that affect propagation characteristics. We have that simply because we know how to measure it
pretty well, and we measure it routineiy around the world. On the other hand, in the case of aerosels, we don’t have a
good measurement, We don’t have a good predictive capability either, | think, and so even though we have modelis of a
whole range of different acrosol effects {whether now we are talking about rain, or cloud, or haze, or dust) we’ve got to
make some hard decisions (or the user hLas to make some hard decisions) as to which model to use for a given situatien,
and how to specity the input data. With regard to growth of particles due to relative humidity, we do intend to inciude

it in all the various acrosol models that will be introduce into the LOWTRAN Code in the six-to-eight months time frame.

H Fluess — FRG: Compuier models are the only useful tools by which to introduce artificial atmospheric constituents
and aerosols in order to prevent communication and detection.

B.S.Katz — US: To address the question of acrosol models and the relative humidity — onc of the driving factors over
water 1s the relative humidity. If one talks about slant paths, the calculation of the relative humidity as a function of
altitude hecomes a difficult problem. We saw earlier a model which depends on temperature and absolute hnmidity but
the relative humdity is very much a function in a physical sense; (Are there cicuds there? Does it go off to 1J0% above
you? Or are you in between clouds?). Those are the parameters, 1 think, that should be looked into in futurs modeling,
not just temperature and absolute humidity. The other point, mentioned earlier, is that we do have a community that
requires these models. There is a great concern within that community that people spend too much effort on details and
do not really provide them the simple things that the users want to know: whether a system will work, be good, or bad
or somewhere in between. This may mean that for future modeling you do not need all the detaiis that do come from
detailed spectroscopic work.

H ). Albrecht - FRG: In a recent interesting experiment by the US Air Force, an attempt was made to correlate cloud
data obiained by remoie sensing (saieiilie observaiions), wiili ailenuaiion on troposcaiicr inks. in e general sense,
with reasonable assumptions, the corzelation was quite good, and this represents a confirmation on the validity ot
hypothetical assumptions previously made.

R.B.Comez — US: One should also be concerned with the effect of winds on the acrosol size distribution. In cddition,
no mention has been made of the process of transport, diffusion, or the persistency of adverse weather once it has
occurred.

H.Fluess — FRG: I agree that it is crucial to choose the correct input data for incorporatton into a model. One should
take into account atmospheric irregularities, rain, height range of clouds, and the probability of their occurrence.

H.). Albrecht — FF.G: An attempt to use average meteorological conditions for a certain geographic area, including
special weather situations, is quite helpful. This was tried in the central region of NATQ, which is quite variable as far
as weather is concerned. As far as turbulence is concerned, the spectrum is to some degree well defined. The problem at
hand is the association of clouds with some kind of turbulence. While one cannot get precise data an the turbulence
behavior of clouds, the clonds are one indicator which is measured countinually ou a statistical phenomenologica! basis,
and may thus be used as an input in modeling.

W.Eckl - FRG: T clarify the aim of the program which [ presented, our program aimis to set a standard reference, with
respect 10 which various systems will be compared. The reference need not be correct in every detail.
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E.Lampert — FRG: The approach of haviag a general weathes situation is weil aporeciated. Hnwever, for traasnussion
ranges of 10 to 20 km ihe assumptions implied are crude. The introduction of a inetcorological sfaiistical gnd over the
arca in question should improve the model consideiably.

K.P.Pirwitz — FRG: Mecasurement taken at weather stations of the German Miliiary Seuphvsical Service were us2d to
define areas (over distances of 5 ki) whete the weather is the same.

J.Rottger - FRG: To foliow up the discussion on turbulence, | would like to point out that ene has to take inte account
clear air turbuleace in addition to clpud turbulence. The former may be of greater influence on the propagatina of
electromagnetic waves. 1f one observes the developinent of loniespheric Propagation Models during the past tvanty years,
one would conclude that Tropospheric Propagation Models (at least as far as turbulence is concerned) in the optical and
EHF regions are a first step.

H.).Albrecht — FRG: 1 would like to turn the discussion to the subject of the determination of rainfall rates by remote
sensing. If one knows the rainfall rates with any sort of precision one would have a far better indication of the attenua-
tion behavior of satellite and ground communication and navigation links above ~ 10-20 GHz. Since rainfall rates at
ground level are no more than those in existence in clouds, cloud remote sensing by satelliies would be extremely heipful.

H.J.Jung - FRG: 1 would like to address the limitations of the rainfall intensity measurernents. At 37 GHz, only rain-
fall has to be considered as an absorber and/or scatterer. In the analysis, ons has to consider the height distribution of
rzinfall, and the boundary conditions at the ground. Since no measurement or calculations of the distrbution of the vain-
fall at the various atmospheric levels exist, one has to assume a median value.

R.A McClatchey — US: There is a plan afoot that is probably going to tuke place within the next few years to put nicro-

wave imaging sensors on the DMSP, Defense Meteorologica? Satellite, which will have as one of its aims to measure rainfall
rate, total liquid water content ir: clouds as well as water vapor. I can’t comment on accuracy ¢ that capability ; some of
thosc things are still being thought about and worked out, but I think there’s a setious interest in this and I think it wil! be
rrobably a sensor that will be constructed ard flown several years from now,

H.J.Albrecht — FRG: To conclude this discussion period, the general conclusion might be that more work is necessary.
Peiltaivs i a few years, the direction of future vork fndicated in this mecting would msult in new information and

would be presented at future AGARD symposiuns.
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